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1-1. Organic Fluorescent Dye 
Organic fluorescent dye molecules can emit the light of specific wavelength during the relaxation 
process from the excited state to the ground state after the photo-absorption to E1 state. Both the 
syntheses of various organic fluorescent dyes and the evaluations of optical properties of these are 
one of the intensive research fields in recent years, and huge numbers of molecules have been 
examined in solution and/or solid phases.  
A notable feature of these organic fluorescent materials in contrast with the inorganic fluorescent 
ones should be possible chemical designs of the fluorescent properties based on the organic 
synthesis of -molecular core. Since the electronic structure of the organic fluorescent materials 
have been simply modified by the introduction of the substituent groups such as electron accepting 
–CN, -Cl, -COOCH3 and/or electron donating –NH2, -CH3, -OCH3 groups into the -core, both the 
fluorescent wavelength and quantum yield are adjustable for the purpose of the applicant 
requirements. In general, the organic materials have higher processbility and flexibility than that of 
the inorganic ones, which can realize large-area flexible device productions at a low-cost 
fabrication technique such as a printing method on the substrate surface. 
Due to these advantages, the organic luminescent dyes have been applied for a wide area of 
technical fields such as material engineering and biology.
1-6  
These applications are carried out in 
both solid and solution phases. Solid state luminescent materials have been utilized in optical 
devices such as active layer of organic Electro-Luminescence (EL) materials (Figure 1-1a), and a 
laser oscillation medium in the dye laser (Figure 1-1b). Typical applications of the luminescent 
materials in solution phase is a bio-imaging dye as the characteristic marker molecules in the living 
cells (Figure 1-1c).  
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Figure 1-1. Various kinds of application of the organic fluorescent dyes such as (a) Organic EL 
device reprinted with permission from ref. 2, published by The Royal Society of Chemistry, (b) 
organic luminescent solid state laser reprinted with permission from ref. 4, Copyright 2004 
Elsevier., and (c) bio-imaging dyes in the living cells reprinted with permission from ref. 6, 
Copyright 2018, American Chemical Society. 
 
 
 
 
 
 
(b) 
(c) 
(a) 
(b) (c) 
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1-2. Organic Fluorescent Chromic Molecules 
Among a large number of organic luminescent materials, the fluorescent chromic molecules are one 
of the interesting switching materials by the outer stimuli such as temperature, pressure, force, 
vapor etc., where the luminescent properties have been extensively modified by the outer stimuli. 
The fluorescent chromic molecules have several different stable energy states, which can be 
switched to each other by the external stimuli (Figure 1-2). Since the electronic state or packing 
structure of fluorescent chromic molecules of the different energy states are different to each other, 
the fluorescent characteristics such as fluorescence wavelength λ and quantum yield Φ are also 
modulated between the different stable energy states.  
 
Figure 1-2. Schematic illustration of fluorescent chromic molecular switching phenomena in the 
two stable energy states having different fluorescent properties such as fluorescent wavelength λ 
and quantum yield Φ by the application of the outer stimuli.
 
 
These fluorescent chromic materials have a potential application for the sensor device due to the 
detection of outer stimuli by the emission change, where the sensing process drastically changes 
the fluorescent colors.
7
 Another interesting application is the use of memory device through the 
retention of the fluorescent changes by the external stimuli.
8
 Typical outer stimuli for the 
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 5 
fluorescent chromism are the use of heat,
9
 light,
10
 electric filed,
11
 mechanical force,
12, 13
 ions 
recognition,
14, 15
 gas adsorption,
16, 17
 and so on. From the viewpoint of device applications, the 
fluorescent chromic molecules with a large amplitude fluorescent response and also reversibility 
should be one of the necessary point of view. The developments of new molecular system showing 
excellent fluorescent chromism can expand a diversity of the material utilization in various kinds of 
devices. In this section, I will introduce several examples and the applications of fluorescent 
chromic phenomena such as iono- and vapor-chromism, which are related to the thesis.
 
 
1-2-1. Fluorescent Iono-Chromism and Fluorescent Ion Sensor 
The fluorescent iono-chromism can be applied for the ion sensing materials by the change of the 
fluorescent properties through the cation or anion recognitions. These iono-chromic molecules have 
been also called as a “fluorescent ion sensor” due to high sensitivity for ion detections in solution 
phase. The molecular structures of these iono-chromic molecules include the ion-recognizable unit 
and also fluorescent π-molecular dye. The ion-recognition by the aid of supramolecular interaction 
between the host framework and ions caused the change in the electronic structure of π-molecule 
and the fluorescent response through the modification of both the ground and excited state energy 
levels. Structural matching between the cavity size and the ion radius is usually important to 
determine the magnitude of the host-guest interaction. 
18, 19, 20, 21
 
Figure 1-3 shows a sensor molecule based on fluorescent pyrene -core bearing anion sensing 
hydrogen-bonding ureido unit as F
-
-recognition site,
14
 which exhibits the blue fluorescence 
originating from the monomer pyrene in solution phase. On the contrary, the blue fluorescence is 
quenched by the addition of F
-
 anion to indicate an ON/OFF fluorescent response according to the 
F
-
 anions. The electron density change of pyrene π-core through the ureido unit was induced by a 
binding of F
-
 anion, resulting in the Photo-induced Electron-Transfer (PET) reaction from the 
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ureido to pyrene with the fluorescence quenching phenomena. These kinds of F
-
-sensing molecules 
have been utilized for the fluorescence sensor for harmful F
-
 anions in solution phase. 
 
 
 
 
 
 
 
Figure 1-3. Fluorescent F
-
-sensing material in solution phase (a) Molecular structure and 
fluorescent ON/OFF color change by the F
-
-recognition. (b) The fluorescence quenching in 
emission spectra by the addition of F
-
 anion. Reprinted with permission from ref. 14, Copyright 
2018, American Chemical Society.
14 
 
Figure 1-4 shows an example of the fluorescence ion sensing material for the application of 
bio-imaging utilization.
15  
The sensor molecule ZPP1 can selectively bind biologically important 
Zn
2+
 ion, where the Zn
2+
-binding metal-coordination sites of 
1-(pyrazin-2-yl)-N-(pyridin-2-ylmethyl)methanamine are introduced into the fluorescent 
dichlorofluorescein -core (Figure 1-4a). In buffer solution at pH = 7, the fluorescent ZPP1 showed 
quite weak fluorescence at 532 nm with a quantum yield of approximately 5 %, whereas the 
addition of excess amount of Zn
2+
 cation occurred a remarkable fluorescent enhancement of the 
fluorescent quantum yield up to 70 % (Figure 1-4b). The fluorescent ON/OFF switching ZPP1 
molecule can apply the fluorescent probe for Zn
2+
 sensing in the living cells. Cancer cells of Min6 
containing in high concentration of Zn
2+
 cation was incubated overnight in the existence of 20 μM 
of ZPP1 sensing molecule in order to observe the fluorescence microscopic images. The 
(a) (b) 
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granular-like staining domain patterns were localized within the cells, suggesting the distribution of 
Zn
2+
 cations in the cells was successfully imaged by the fluorescent ion sensing molecules (Figure 
1-4c). Such direct observation and imaging of ion distributions within the living cells will quickly 
progress the understanding in the biological dynamic phenomena. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-4. Fluorescent Zn
2+
 sensing molecule ZPP1. (a) Molecular structure of ZPP1. (b) 
Fluorescence response of 5 μM ZPP1 by the addition of ZnCl2 from the concentration of 0 μM to 
13.3 μM in buffer solution of pH around 7. (c) Living Min6 cancer cells incubated with ZPP1 
(green color) and cell nuclei were stained with Hoechst 33258 (blue color). A: DIC image; B: 
fluorescence image. Reprinted with permission from ref. 15, Copyright 2008, American Chemical 
Society.
15 
 
(a) 
(c) 
(b) 
1. General Introduction 
 8 
Fluorescent sensors bearing more than two kinds of different ion recognition sites in a molecule 
have been attracted much attention for the multiple ion recognition processes, which can apply for 
the molecular logic gate to achieve the logic operations and calculations.
22
 Logical boolean 
operation has been utilized for the input of two truth values of "true 1" and "false 0" (Table 1-1), 
where the possible combination of “0” and “1” can deduce the multiple outputs. The molecular 
logic gate based on the fluorescent ion sensing processes utilized the input of ion recognitions and 
the output of fluorescent responses. Scheme 1-1 shows the firstly reported molecular logic gate,
 23
 
where the multiple ion recognition fluorescent sensor of cyanoanthracene derivative has been 
applied for the fluorescent dye unit and the multiple cation recognition sites for H
+
 and Na
+
. In the 
initial state, the fluorescence output was quenched by the PET reaction from the two 
electron-donating recognition sites (State 1). The quenching PET state can be controlled by the 
stepwise ion recognition processes. Either recognizing states for H
+
 or Na
+
, the fluorescence 
responses were still quenched by the PET process from the empty ion recognition site (State 2 and 
State 3), whereas both the ion recognizing state fully suppressed the PET process and appeared the 
fluorescence (State 4). This fluorescence response by two kinds of cationic species can be applied 
for the logical gate operation, forming in the AND gate. These logic operations are typically 
included as the integrated circuits of semiconductor devices, where the limitation of miniaturization 
of the integrated circuits has a potential use of the molecular logic gates with nanometer-scale 
single molecules. As discussed above, the fluorescent ion sensor molecules can be applied for not 
only the selective ion probing system but also the future molecular logic gates from the viewpoints 
of both the biology and molecular computing system. 
 
 
 
1. General Introduction 
 9 
Table 1-1. Boolean binary logic gate operations: truth tables, symbols and algebratic expressions. 
Reprinted with permission from ref. 22, Copyright 2007, Springer Nature.
 22 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1-1. Molecular logic gate using multiple ion recognition fluorescent sensor molecule, 
where the mimicking of a AND operation and its working principle for the input and output 
responses.
23 
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1-2-2. Fluorescent Vapochromism 
Fluorescent vapochromism shows the change in the fluorescent responses by the adsorption and/or 
desorption processes of the volatile vapor molecules, which phenomena are activated by the 
changes in the packing structure through the vapor adsorption-desorption and/or the structural 
change by specific chemical reaction with adsorption molecules. 
Figure 1-5 shows a vapochromic Pt (II) complex for the selective adsorption for water vapor.
16
 
The solid state Pt (II) complex included one molar water molecules by the hydrogen-bonding 
interaction at CN ligand (Figure 1-5b). The solid state fluorescence spectrum of the Pt (II) complex 
showed a significantly red-shift from 670 to 720 nm by the adsorption of water, which largely 
modified the fluorescent color from yellow to red (Figure 1-5c). The fluorescent chromism was 
achieved by the metal-to-metal-to-ligand charge-transfer (MMLCT) process by the shrinkage of the 
Pt-Pt metal-bond after the water adsorption. The chromic behavior of the Pt (II) complex was 
applied for the humidity sensor. For instance, the thin films of the Pt (II) complex on the glass 
substrate changed the fluorescent color after the exposure to water vapor in the detection threshold 
value around a concentration of 4500 ppm V, where the fluorescent wavelength was continuously 
red-shifted in the concentration range from 4500 to 6000 ppm V (Figure 1-5c). After the adsorbing 
water molecule, a blowing of dry N2 gas for the thin film returned to the initial fluorescent color 
due to desorption of water. The fluorescent chromic behavior could be repeated more than 10,000 
times as a stable humidity sensing device. 
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Figure 1-5. Fluorescent vapochromic molecule for water sensor. (a) Molecular structure of Pt(II) 
complex and its water capturing crystal structure. (b) Solid state fluorescent chromic behavior of 
Pt(II) complex by H2O adsorption and desorption. (c) Plots of the maxima of fluorescent spectra 
with a water vapor concentration.
16 
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1-3. Excited State Intramolecular Proton Transfer Fluorescence 
Fluorescent mechanism of Excited State Intramolecular Proton Transfer (ESIPT) is one of the 
characteristic emission behavior through the intramolecular proton-transfer reaction inside the 
hydrogen-bonding site.
 24
 Well-known solid state ESIPT fluorescent molecule of 
2-(2'-hydroxyphenyl)benzothiazole (HBT) has the intramolecular hydrogen-bonding structure 
between -OH group and thiazole nitrogen atom within the molecule. Figure 1-6 shows the ESIPT 
fluorescent mechanism of HBT, where the enol-type O-H•••N hydrogen-bonding structure at the 
ground state is transformed to the keto-type =O•••H-N one at the excited state through the ESIPT 
process. A fluorescence from the keto-type ESIPT structure from the excited state showed the 
ESIPT fluorescence with large Stokes shift. Large structural relaxation during the 
photo-isomerization reaction at the excited state resulted in the large magnitude of Stokes shift 
around 10,000 cm
 -1
. The solid state HBT indicates an absorption maximum at ultra violet (UV) 
region around 340 nm, whereas the luminescence maximum is observed at green visible (Vis) 
energy region around 510 nm with the Stokes shift of ~10,000 cm
 -1
. 
25 
A large number of ESIPT 
fluorescent molecules have been developed in the intramolecular hydrogen-bonding system, and a 
few ESIPT molecules indicates the near infrared (NIR) fluorescence despite in quite simple 
molecular structure (Figure 1-7).
 26, 27
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Figure 1-6. Schematic mechanism of the ESIPT fluorescence of HBT.  
 
 
 
 
 
 
 
 
Figure 1-7. Solid state ESIPT fluorescent molecules. (a) Green fluorescence of solid state HBT 
reprinted with permission from ref. 25. Copyright 2015, John Wiley and Sons, 
25
 (b) red 
fluorescence of 6-cyano-2-(2’-hydroxyphenyl)imidazo[1,2-a]pyridine reprinted with permission 
from ref. 26. Copyright 2014, Royal Society of Chemistry,
 26
 and (c) red fluorescence of 
(Z)-4-(2-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one reprinted with permission 
from ref. 27. Copyright 2011, American Chemical Society.
 27
  
 
(a) (c) (b) 
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ESIPT fluorescence property is usually affected by the polarity of the surrounding environment 
such as solvent polarity. For instance, highly polar solvents such as CH3OH and DMSO disturbed 
the intramolecular hydrogen-bonding conformation in the absence of the ESIPT process, indicating 
non-ESIPT type fluorescent behavior with a small Stokes shift (Figure 1-8a). On the contrary, 
lower polar solvents such as hexane and CHCl3 stabilized the intramolecular hydrogen-bonding 
conformation suitable for the ESIPT fluorescence with large Stokes shift (Figure 1-8b). One of the 
typical ESIPT fluorescent molecule of SalHBP showed the fluorescent maximum at 540 nm in low 
polarity methylcyclohexane (MCH), which fluorescence was changed to the non-ESIPT type at 410 
nm in highly polar solvent of CH3OH (Figure 1-8c). In the intermediate polarity solvent of MeTHF, 
two kinds of fluorescence maxima with the ESIPT and non-ESIPT type was simultaneously 
observed.
28
 
 
 
 
 
 
 
 
 
 
Figure 1-8. Polarity dependent intramolecular hydrogen-bonding conformation and ESIPT 
fluorescence. (a) ESIPT active hydrogen-bonding structure in the low polarity solvent. (b) ESIPT 
inactive non hydrogen-bonding structure in high polarity solvent. (c) Solvent polarity dependent 
ESIPT fluorescence of SalHBP reprinted with permission from ref. 28, Copyright 2009, American 
Chemical Society.
28 
(b) 
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1-4. Purpose of This Thesis 
In this thesis, I focused on new fluorescent chromic molecules utilizing in the ESIPT fluorescence 
mechanism. The ESIPT fluorescent molecules can be designed to show both the emissions of the 
non-ESIPT type with a small Stokes shift and the ESIPT type with a large Stokes shift, depending 
on the difference in the molecular conformation and hydrogen-bonding structures. The two kinds of 
different fluorescent responses can be controlled by the external stimuli, which chromic behavior is 
useful for sensor and molecular logic calculation. The ON/OFF switching phenomena of the ESIPT 
fluorescent molecule in solution and solid phase depends on the molecular conformation between 
the intramolecular hydrogen-bonding structure and the intramolecular non hydrogen-bonding one, 
which can be controlled by the outer stimulus. From the above points of view, I designed the ESIPT 
fluorescent chromic molecules of 1, 2, and 3 (Scheme 1-2). 
 
 
 
 
 
 
 
 
 
 
Scheme 1-2. Molecular designs in this thesis.  (a) Three kinds of the ESIPT chromic molecules in 
this thesis. (b) Lactam-Lactim tautomerism of quinoxalinone derivative and ESIPT chromism. (c) 
Conformational change of HBT derivative and ESIPT switching phenomena. 
(a) 
(b) (c) 
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In Sections 2 and 3, the fluorescent quinoxalinone derivatives of 1 and 2 were discussed as 
iono-chromic materials in solution and molecular assemblies. The hydrogen-bonding π-core of 
quinoxalinone becomes an ESIPT type fluorescent scaffold with the lactam-lactim tautomeric 
equilibrium.
 29
 An alkyl chain was introduced into the quinoxalinone derivative of 1 in order to 
increase the solubility for the common organic solvents, and can be transformable for the ESIPT 
active lactim conformation and the ESIPT inactive lactam one depending on the external stimuli 
(Scheme 1-2b). The acidic N-H proton and basic heteroatoms such as nitrogen and oxygen sites of 
1 enable to recognize both the anion and cation, respectively, forming the cation and anion multiple 
recognition ability. Herein, the fluorescence responses were controlled by the tautomeric 
equilibrium coupled with multiple cation and anion recognitions of molecule 1. In chapter 2, 
synthesis of new multiple cation-anion recognition fluorescent molecule of 1 was examined in 
terms of the stepwise ion recognitions, tautomeric equilibrium, and fluorescent responses, where 
the relationship between the tautomerism and fluorescent behavior for various kinds of anions and 
metal ions were evaluated in detail. In Chapter 3, the introduction of further multiple and effective 
cation recognition ability to 1 was tried to design a new molecule of 2 bearing strongly alkali metal 
ion capturing crown-ether unit and an unique organogellation ability. The sol-gel switching 
phenomena of 2 were observed in the one-dimensional molecular assembly structures responsible 
for the outer stimuli. 
In Section 4, solid state ESIPT fluorescent chromic behavior and the sensor application were 
discussed in newly designed 2-(2-hydroxyphenyl)benzothiazole (HBT) derivative bearing sulfuric 
acid group. We have focused on HBT, which is known to exhibit excellent ESIPT fluorescence 
even in the solid state. HBT can rotate around a single bond at a thiazole ring and a benzene ring. 
The cis-conformation having an intramolecular hydrogen-bond shows the ESIPT fluorescence 
whereas the trans-conformation in the absence of the intramolecular hydrogen-bond shows the 
non-ESIPT type fluorescence (Scheme 1-2c). Sulfonic acid (-SO3H) substituted 
1. General Introduction 
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2-(2’-hydroxyphenyl)benzothiazole (3) was designed as a new solid-state ESIPT fluorescent 
chromic molecule that responds to various types of organic bases and amines as a sensing device of 
biological important molecules such as ammonia and histamine. Crystal 3 exhibited a reversible 
adsorption-desorption behavior with pyridine, aniline, thiazole, quinoline, ammonia, propylamine, 
octylamine, diethyl-amine, 1,4-diaminobutane, histamine, and so on. The sorption behavior of these 
compounds induced the fluorescence chromism of crystal 3 from non-ESIPT weak blue, to ESIPT 
strong green, and finally to non-ESIPT strong blue emissions, which applied for the solid state 
sensing devices for biologically important organic bases and amines.  
In Section 5, I summarized general conclusions for the synthesis and properties of fluorescent 
chromic molecules based on ESIPT fluorescence. 
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2-1. Introduction 
The coordination complexes of the Li
+
 cation with phthalic acid, squaric acid, acetamide, and other 
similar compounds have been reported to form molecular systems with Li-recognition properties.
1
 
In order to achieve selective cation-sensing, the cavities of crown-ethers and cryptands have been 
previously designed to achieve effective binding and ion selectivity based on size compatibility 
between the cavity and the cation.
2-6
 For example, 18-crown-6 and 2.2.2-cryptand have relatively 
high complex formation constants (Ks) for the size-compatible K
+
 cation (logKs = 6.08 and 10.6, 
respectively).
5, 6
 Anion-sensing receptor molecules such as azacryptands, diphenylureas, 
calixarenes, and benzimidazoles have been also reported to be useful for incorporation in anion 
separation, anion exchange, and transfer materials.
7-9
 In particular, the cage-shaped azacryptands 
show excellent strength in the capture of halide anions (X
−
) through N-H•••X hydrogen bonding 
interactions.
10
 The anion binding ability of octaazacryptand for the F
−
 anion was found to be logKs 
= 11.2,
10
 which was higher than that found for K(18-crown-6).
5-6
 In addition, the hydrogen bonding 
unit of the ureido group (-NHCONH-) in N,N'-bis(diphenyl)urea derivatives, and the acidic N–H 
proton of benzimidazole are also able to interact with F
−
 and acetate (AcO
−
) anions, and have been 
widely utilized in the design of anion-receptor molecules.
7-9, 11-13
 One of particular interest in this 
field are molecules possessing both cation- and anion-sensing structural units, as these molecules 
can be designed for application in the construction of molecular logic gates and molecular 
computing systems.
14-16
 In these systems, the previous cation-sensing states affect the subsequent 
anion-sensing responses and vice versa. The multiple cation-sensing properties towards H
+
 and Na
+
 
have been applied for the photo-induced electron transfer process of crown-ether-fused anthracene 
derivatives,
14
 where the H
+
- and Na
+
-sensing molecules showed a range of fluorescence responses. 
The change in the fluorescence responses depending on the pH of the system has been utilized for 
the molecular full-adder and full-subtractor system, which results in a response towards cationic H
+
 
species at low pH and anionic OH
−
 species at high pH.
16
 Heteroditopic receptors for cation–anion 
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pair recognition have also been developed in molecular systems bearing a crown ether-fused 
phenylurea, where co-operative ion-binding properties were successfully achieved.
17, 18
     
A variety of detection techniques based on properties such as electrical conductivity, magnetic 
properties, and optical responses have been utilized for cation and anion sensing. Among these 
techniques, the use of optical detection in terms of absorption and emission spectra is a simple and 
conventional technique for achieving high-resolution sensing. The fluorescence response in 
particular has been widely utilized in the fundamental design of ion-sensing materials based on 
fluorescence enhancement and quenching with a large ON/OFF ratio. To achieve this, a fluorescent 
material with a large Stokes shift is desirable, due to the large energy shift in the emission spectra. 
Taking these points into consideration, we propose an intramolecular hydrogen bonding system 
coupled with structural tautomerism and excited-state intramolecular proton transfer (ESIPT).
19
 
Although the 4-hydroxy-5-azaphenanthrene fluorescence probe bearing an ESIPT system has been 
reported for use in protein sensing materials,
20
 the capture of both cations and anions has not yet 
been developed. 
The N-Heterocyclic -electron quinoxalinone (Qxa) system is a particularly interesting ESIPT 
system coupled with lactam–lactim tautomerism (states I and II in Scheme 2-1),21 where 
deprotonation of the acidic NH and/or OH protons in states I and II generates the anionic states III 
and IV (Scheme 2-1). Our group previously reported the high electron affinity and proton acidity of 
the Qxa analog 6,7-dicyanolumazine (DCNLH2), whose fluorescence properties vary dramatically 
upon deprotonation.
22, 23
 The -electron system of Qxa is similar to that of DCNLH2, and also 
displays fluorescence properties, with the fluorescence response varying between the four states (I, 
II, III, and IV) due to tautomerism and proton dissociation/association. In such a compound, the 
chemical stability and optical response of each state is affected by the cation- and anion-recognition 
states in the solution phase. In order to introduce cation-sensing properties into the molecule, an 
alkylamide chain CONHC12H25 was inserted into the Qxa framework (1), which stabilized the 
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conformation of the CONHC12H25 chain through intramolecular N–H•••O=C and O–H•••O=C 
hydrogen bonding interactions in states I and II (Scheme 2-1). As the lone pairs of the nitrogen and 
oxygen atoms in molecule 1 act as Lewis acids for binding alkali metal cations, there is the 
potential to achieve M
+•••O=C and/or M+•••N=C coordination through intermolecular interactions 
with cationic species such as Li
+
 and Na
+
. In contrast, the III and IV anionic states are expected to 
show strong M
+
-capturing abilities through M
+•••Oδ- and M+•••Nδ- electrostatic interactions. In 
addition, the acidic N-H proton in the lactam structure can form N–H•••X hydrogen bonding 
interactions for anion sensing, where X = F, Cl, Br, or AcO.
24-30
 The lactam–lactim tautomerism is 
therefore an important factor in terms of anion-sensing properties.  
 
 
 
 
 
 
 
 
Scheme 2-1. Four independent states of quinoxalinone (Qxa) derivative 1 (R = C12H25) coupled 
through the lactam–lactim tautomerism and deprotonation process at the N–H and O–H protons. 
  
I herein report the preparation of the quinoxalinone derivative 1, displaying lactam–lactim 
tautomerization and conformational changes, with the aim to achieve both cation- and 
anion-sensing properties. The characteristics of the four states of compound 1 will be investigated 
in terms of optical properties and crystal structure determination. 
lactam lactim 
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2-1. Experimental Section 
2-2-1. General. Commercially available chemical reagents and solvents were used as received 
without further purification. 
1
H (400 MHz) and 
13
C (125 MHz) NMR spectra were recorded on a 
Bruker Avance III 400 NMR spectrometer and a Bruker 500 NMR spectrometer, respectively. 
Chemical shifts () are expressed in ppm relative to tetramethylsilane (1H, 0.00 ppm) or residual 
non-deuterated solvent (DMSO-d6; 
13
C 39.5 ppm) as an internal standard. Mass spectra were 
recorded on a JMS-700 spectrometer at the NMR and MS Laboratory, Graduate School of 
Agriculture, Tohoku University. Elemental analyses were performed on a Microcoder JM10 at the 
Elementary Analysis Laboratory, Institute of Multidisciplinary Research for Advanced Materials, 
Tohoku University. The measurement of infrared (IR, 400-4000 cm
−1
) spectra was carried out on 
KBr pellets using a Thermo Fisher Scientific Nicolet 6700 spectrophotometer with a resolution of 
4 cm
−1
.  
 
2-2-2. Preparation of 1.  A solution of dodecylalloxane monohydrate
31
 (514 mg, 1.66 mmol) in 
EtOH (9 mL) was slowly added dropwise to a solution of o-phenylenediamine (163 mg, 
1.51 mmol) in EtOH (18 mL), and stirred at room temperature overnight. The resulting white 
powder was collected by filtration, and washed with MeOH. The crude mixture was recrystallized 
from EtOAc (×2) to give the desired product 1 as a pale yellow solid (445 mg, yield 83%). m.p. 
198 °C (dec.); 1H NMR (400 MHz, DMSO-d6) δ 12.78 (1H, brs), 8.93 (1H, t, J = 5.5 Hz), 7.84 (1H, 
d, J = 8.1, 1.2 Hz), 7.62 (1H, td, J = 7.8, 1.2 Hz), 7.36 (2H, m), 3.26 (2H, td, J = 6.9, 5.5 Hz), 1.51 
(2H, quin, J = 6.9 Hz), 1.24 (18H, m), 0.85 (3H, t, J = 6.7 Hz);
 13
C NMR (125 MHz, DMSO-d6) δ 
153.8, 151.8, 132.4, 131.6, 131.2, 129.2, 123.8, 115.5, 38.7, 31.3, 29.02, 28.98, 28.95, 28.87, 28.7, 
26.4, 22.1, 13.9; IR (KBr, cm
-1
) 3434, 3031, 2920, 2848, 1706, 1633, 1561, 1468, 1339, 1280, 
1211, 1154, 1107; HRMS (FAB) Calc. for C21H32O2N3 [(M + H)
+
] 358.2489, Found 358.2498; 
Elemental analysis. Calc. for C21H31N3O2; C 61.67, H 8.28, N 6.96; Found C 61.68, H 8.28, N 6.98.  
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Figure 2-1. IR spectra of 1 at KBr pellet. 
 
2-2-3. Optical Measurements and Cation–Anion Sensing. UV-Vis and fluorescence spectra in 
THF were measured using Perkin Elmer Lambda 750A and JASCO FP-6200 spectrophotometers, 
respectively, using a quartz cell with an optical length of 10 mm. Cation sources (Li
+
PF6
−
 and 
Na
+
PF6
−
) and anion sources (TBA
+
F
−
, TBA
+
Cl
−
, TBA
+
Br
−
, and TBA
+
OAc
−
) were utilized for the 
ion-sensing experiments. The complex formation constants (Ks) of the Li
+
, Na
+
, F
−
, Cl
−
, and AcO
−
 
ions were determined using the variations observed in the absorption and fluorescence titration 
spectra.
32, 33
   
 
2-2-4. Crystal Structure Determination. Single crystals of 1, Li
+
·(1)2·I
−
·(H2O)(CH3CN), 
TBA
+
·1·Cl
−
, and TBA
+
·1
−
·(H2O) were obtained by the slow evaporation of a THF and/or a CH3CN 
solution. Temperature dependent crystallographic data (Table 1) were collected using a Rigaku 
RAPID-II diffractometer equipped with a rotating anode, fitted with a multilayer confocal optic, 
using Cu-K ( = 1.54187 Å) radiation from a graphite monochromator. Structural refinements 
were carried out using the full-matrix least-squares method on F
2
. Calculations were performed 
using Crystal Structure software packages.
34, 35
 All parameters were refined using anisotropic 
temperature factors, except for those of the hydrogen atoms.  
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Table 2-1. Crystal data, data collection, and reduction parameters of crystals: 1, 
Li
+
·(1)2·I
−
·(H2O)(CH3CN), TBA
+
·1·Cl
−
, and TBA
+
·1
−
·(H2O) at 100 K. 
Temperature 1 Li
+
·(1)2·I
−
·(H2O)(CH3CN) TBA
+
·1·Cl
−
 TBA
+
·1
−
·H2O 
Chemical formula C21H31N3O2 C44H65ILiN7O5 C37H67ClN4O2 C37H66N4O2 
Formula weight 357.49 905.89 635.41 630.95 
Space group Pn (#7)  P-1 (#2) P21/c (#14) P-1 (#2) 
a, Å 4.6265(4) 9.7164(3) 7.72739(14) 8.0639(6) 
b, Å 5.6189(6) 12.2827(2) 52.0258(9) 16.5724(11) 
c, Å 38.026(4) 20.536(19) 28.9218(5) 29.689(2) 
, deg  89.421(2)  79.436(3) 
, deg 90.753(4) 77.135(2) 93.4544(8) 86.017(4) 
, deg  72.485(2)  89.750(3) 
V, Å
3
 988.4(2) 2274.3(2) 11606.1(4) 3890.8(5) 
Z 2 2 12 4 
T, K 90 90 90 90 
Dcalc, g∙cm
-1
 1.201 1.323 1.091 1.077 
, cm-1 6.150 59.297 11.285 5.434 
Refs. meas.  10585 25834 129520 44344 
Indep. refls. 1788 8152 21120 13927 
Refls. Used 1788 8152 21120 13927 
R
 a)
 0.1521 0.0682 0.3103 0.3919 
Rw(F
2
) 
a)
 0.3147 0.1378 0.3793 0.4667 
GOF 1.116 1.060 0.865 0.911 
a
R = ||Fo| - |Fc|| / |Fo| and Rw = (|Fo| - |Fc|)
2
 / Fo
2
)
1/2
. 
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2-2-5. Calculations. The molecular structures of the Qxa derivative bearing a CONHCH3 chain 
were evaluated to determine the stabilities of the lactam and lactim structures in the gas phase, 
based on Density Functional theory (DFT) calculations using the B3LYP-6-31G (d, p) basis set in 
Gaussian 09W.
36
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2-3. Results and Discussion 
2-3-1. Optical Properties of 1. In order to investigate the optical properties of compound 1, it was 
necessary to find a suitable solvent for the studies. Compound 1 was found to be soluble in 
common organic solvents, such as MeOH, EtOH, CH3CN, DCM, CHCl3, THF, and DMF. As the 
cation sources (Li
+
PF6
−
 and Na
+
PF6
−
) and the anion sources (TBA
+
F
−
, TBA
+
Cl
−
, TBA
+
Br
−
, and 
TBA
+
AcO
−
) also displayed relatively high solubility in THF, the optical measurements and titration 
experiments were carried out in THF. The lactam–lactim tautomerism of the ground state 
molecular structure in THF was found to affect the optical spectra of 1. Density functional theory 
(DFT) calculations using the B3LYP-6-31G (d, p) basis set for the Qxa derivative bearing a simple 
CONHCH3 group revealed that the total energy of the lactim structure (O–H) was approximately 
40 kJ·mol
−1
 lower than that of the lactam structure (N–H) in the gas phase (Figure 2-2). 
 
 
 
 
 
 
Figure 2-2. Optimized molecular structures of lactam and lactim Qxa derivative 
bearing–CONHCH3 by DFT calculations with B3LYP/6-31G (d, p) basis set. The total energy of 
lactim structure was approximately 38 kJmol
-1
 lower than that of lactam one.  
 
  However, from the residual electron density in the differential Fourier analysis and the C=O 
double bonding character (1.248(12) Å), single crystal X-ray analysis of 1 clearly confirmed the 
formation of a lactam structure. The -planar molecular structure of 1 was stabilized by the 
intramolecular N–H•••O=C hydrogen bonding interaction in the lactam structure, which also 
37.7 kJmol
-1
 
Lactim
m 
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displayed intermolecular N–H•••O=C hydrogen bonding interactions, with an N•••O distance of 
2.64(1) Å between the neighboring molecule of 1 along the c axis (Figure 2-3a). An all-trans 
conformation of the CONHC12H25 chains resulted in a two-dimensional alternate layered structure 
of the -electron moiety and hydrophobic CONHC12H25 chain (Figure 2-3d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3. Crystal structure of 1. a) Molecular structure of lactam 1. b) Intermolecular N-H•••O= 
hydrogen-bonding interaction along the a+b axis. c) Unit cell viewed along the b axis. d) Unit cell 
viewed along the a axis.    
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Figure 2-4 below shows the absorption (black) and fluorescence (red) spectra of compound 1 in 
THF (0.08 mM). The absorption maximum (UVmax) was observed at 355 nm in the UV-Vis 
spectrum, whereas two broad fluorescence maxima (FLmax) appeared at 425 and 520 nm, 
respectively. The intensity of the latter fluorescent band was significantly larger than that of the 
former. A large Stokes shift of ~8,900 cm
−1
 (A, Figure 2-4) was observed in the main FLmax = 
520 nm, whereas the typical ~4,900 cm
−1
 Stokes shift (B, Figure 2-4) corresponded to the weak 
FLmax = 425 nm. A large Stokes shift is generally observed where a significantly large 
conformational change in the excited state molecular structure takes place, suggesting that the 
ESIPT process of the lactim structure is dominant in the fluorescence response at FLmax = 520 nm 
(Scheme 2-2).
9
 The two FLmax at 425 and 520 nm could be assigned to the lactam and lactim 
structures, respectively. From these results, it therefore appeared that a large Stokes shift coupled 
with lactam–lactim tautomerism is essential to achieve effective cation–anion sensing in compound 
1. 
  
 
 
 
 
 
 
 
 
Figure 2-4. Absorption (black, left scale) and fluorescence (red, right scale) spectra of 1 in THF 
(0.08 mM). Two Stokes shifts, A and B, were assigned to the lactim and lactam structures, 
respectively. The inset photo shows the green florescence of compound 1.    
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Scheme 2-2. Lactam–lactim equilibrium of compound 1. Schematic energy diagrams show the 
lactam structure in the UV-Vis (355 nm) and fluorescence (425 nm) spectra (left), and the ESIPT 
process in the excited state lactim structure in the UV-Vis (355 nm) and fluorescence (520 nm) 
spectra (right). 
 
The presence of lactam–lactim tautomerism and the identity of the equilibrium ground state in 
compound 1 were confirmed by 
1
H NMR analysis (Figure 2-5). The –N–Ha and N–Hb protons of 
the lactam structure were observed at 13.6 and 9.2 ppm, whereas the O–Hc and N-Hd protons of the 
lactim structure were observed at 11.7 and 9.0, respectively. The equilibrium ratio of lactam to 
lactim structures in THF-d8 was found to be approximately 1:4, as calculated from the integrals of 
the signals. This demonstrates that the conformation of the lactim structure was significantly more 
stable than that of the lactam in THF, which was consistent with the DFT calculations in the gas 
phase, but inconsistent with the obtained X-ray crystal structure. In addition, the equilibrium of the 
ground state structure was found to depend upon solvent polarity, with the 
1
H NMR signals in polar 
solvents such as DMSO-d6 corresponding only to the lactam structure (Figure 2-6), suggesting that 
the lactam conformation is particularly stable in polar environments.    
 
2. Cation–Anion Dual Sensing of a Fluorescent Quinoxalinone Derivative Using Lactam–Lactim 
Tautomerism 
 33 
 
 
 
 
 
 
 
 
 
Figure 2-5. 
1
H NMR spectrum of 1 in THF-d8. Signals a and b correspond to the lactam structure, 
whereas c and d correspond to the lactim structure. 
 
 
 
 
 
 
Figure 2-6. 
1
H NMR spectrum of 1 in DMSO-d6.  
 
2-3-2. Cation Sensing. Changes in the absorption and fluorescence spectra by the addition of Li
+
 
and Na
+
 were evaluated in THF (Figure 2-7). Although the UVmax of free 1 at 367 nm showed a 
slight red shift to ~370 nm upon the addition of Li
+
 or Na
+
, the use of UVmax for the cation-sensing 
experiments was not suitable due to sensitivity issues. In contrast, significant changes were 
observed in the fluorescence spectra upon the addition of Li
+
 or Na
+
, with the FLmax at 520 nm 
blue-shifting to ~465 nm, and the FLmax at 520 nm correlating to the lactim structure disappearing, 
lactim lactam 
lactam 
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suggesting that the lactam–lactim equilibrium shifted in favor of the lactam. The magnitude of the 
Stokes shift (~5,400 cm
−1
) for the Li
+
- and Na
+
-bound 1 was found to be smaller than that of the 
lactim structure (~8,900 cm
−1
), yet larger than that of the lactam structure (~4,900 cm
−1
). In 
addition, approximately ~50% fluorescence quenching was observed at FLmax = 525 nm upon the 
addition of Li
+
 or Na
+
, whereas at FLmax = 465 nm, the fluorescence intensity was enhanced by 
approximately 3.5 times, as indicated by the arrows in Figure 2-7. 
 
 
 
 
 
 
 
 
 
Figure 2-7. Li
+
- and Na
+
-sensing of 1 in THF. Absorption (left scale) and fluorescence (right scale) 
spectra of free 1 (black), 1 with 100 equivalents of Li
+
PF6
−
 (red), and 1 with 100 equivalents of 
Na
+
PF6
−
 (blue). 
 
Single crystal X-ray structural analysis of Li
+
·(1)2·I
−
·(H2O)(CH3CN) indicated the formation of 
a 1:2 coordination complex of Li
+
·(1)2 (Figure 2-8a), where the two types of crystallographically 
independent 1 existed in the unit cell (Figure 2-9). The lone pairs of the nitrogen atoms (N2 and 
N5) and the carbonyl oxygen atoms (O2 and O4) of two molecules of 1 resulted in a planar Li
+
 
coordination environment, with one oxygen atom of H2O further coordinated at the axial site of Li
+
, 
resulting in a penta-coordinate lithium species. The intramolecular N-H•••O=C hydrogen bonding 
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interaction between the N3 (or N6) of the CONHC12H25 chains and the O1 (or O3) of the carbonyl 
oxygen centers fixed the planar conformation of Li
+
·(1)2. In addition, the N3–H and N4–H protons 
in the lactam structure were observed in the residual electron density in the differential Fourier 
analysis. The two C–O1 and C–O3 bond lengths of 1.234(5) and 1.233(5) Å were also consistent 
with the bond lengths expected for a C=O double bond in a lactam structure.
11b
 The Li
+–O 
coordination distances of Li
+–O2 = 1.928(5) Å and Li+–O4 = 1.923(8) Å were found to be shorter 
than the Li
+–N distances (Li+–N2 = 2.339(9) Å and Li+–N5 = 2.32(1) Å), confirming the Li+–O 
interactions in the 1:2 coordination complex.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8. Li
+
-bound 1 in the lactam configuration. a) Molecular structure of Li
+
·(1)2·H2O viewed 
along the direction normal to the -plane of 1 in the Li+·(1)2·I
−
·(H2O)(CH3CN) crystal. b) Side 
view of Li
+
(1)2 unit. c) Unit cell viewed along the b axis. d) Layer structure viewed along the a 
axis. 
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Fluorescent titration experiments of 1 using Li
+
PF6
−
 and Na
+
PF6
−
 clearly showed a significant 
change in the fluorescence spectra (Figures 2-9a and 2-10a) upon the addition of the Li
+
 and Na
+
 
cationic species. Addition of Li
+
 to a solution of 1 in THF was found to suppress the intensity of the 
FLmax = 520 nm in the lactim structure, whereas the 
FL
max = 460 nm in the lactam structure was 
gradually enhanced (Figure 2-9b). The change in fluorescence intensity by the addition of up to 200 
equivalents of Li
+
 appeared to suggest a two-step equilibrium: Li
+
 + 1 ↔ Li+(1) ↔ Li+(1)2, giving 
the two lithium binding constants logKa1 = 2.8 and logKa2 = 4.5. Comparable changes in the 
fluorescence were observed by the addition of Na
+
 (Figure 2-10), with sodium binding constants of 
logKa1 = 2.0 and logKa2 = 4.1 being calculated for the two-step equilibrium: Na
+
 + 1 ↔ Na+(1) ↔ 
Na
+
(1)2. The two-steps binding constants of logKa1 = 5.1 and logKa1 = 6.5 for Mg
2+
 dication from 
the fluorescence titrations were larger than those of Na
+
 cation (Figures 2-11 and 2-12).  The 
cation binding ability of 1 was enhanced by increasing in the order of Na
+
, Li
+
, and Mg
2+
 cations, 
suggesting the effective electrostatic interaction between molecule 1 and cation.        
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Figure 2-9. Fluorescent titration of 1 using Li·PF6 at the excitation wavelength of 336 nm. Initial 
concentration of 1 was 2.092x10
-5
 M in THF. a) Change in the fluorescence spectra by the addition 
of 225 equivalent of Li
+
 ion. b) Titration curve at FLmax = 460 nm and fit (solid line) by two-step 
Li
+
-recognition processes. 
 
 
 
 
 
 
 
 
Figure 2-10. Fluorescent titration of 1 using and Na·PF6 at the excitation wavelength of 374 nm in 
THF. Initial concentration of 1 was 2.087x10
-5
 M a) Change in the fluorescence spectra by the 
addition of 500 equivalent of Na
+
 ion. b) Titration curve at FLmax = 460 nm and fit (solid line) by 
two-step Na
+
-recognition processes.    
 
  
b) a) 
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Figure 2-11. Absorption (a) and fluorescence (b) spectra of 1 using and Mg
2+
(ClO4)2 in THF. 
 
 
 
 
 
 
 
 
Figure 2-12. Fluorescence titration of 1 using and Mg
2+
(ClO4)2 at the excitation wavelength of 370 
nm in THF. Initial concentration of 1 was 2.104x10
-5
 M Titration curve at FLmax = 456 nm and fit 
(solid line) by two-step Mg
2+
-recognition processes. The solid line was fit for the two-step 
equilibrium. 
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2-3-3. Anion Sensing. The anion-sensing properties of 1 for F
−
, Cl
−
, Br
−
, and AcO
−
 were evaluated 
by examination of their absorption and fluorescence spectra in THF (Figure 2-13). Upon the 
addition of Cl
−
 and Br
−
 to the solution, very little difference was observed in the UV-Vis absorption 
spectra compared to that of free 1, suggesting that only small changes to the electronic structure of 
1 took place upon anion coordination. In contrast, large changes were observed in the UV-Vis 
spectra of 1 upon the addition of F
−
 and AcO
−
, with the two UVmax at 398 and 412 nm displaying a 
red shift of approximately 40 nm compared to the initial UVmax of free 1 (blue and red spectra, 
Figure 2-13a). This shift was due to the electronic ground state of 1 being modified by the addition 
of F
−
 and AcO
−
, and resulted in the absorption intensity at 410 nm being approximately 7.5 times 
greater in the presence of these anions. Unlike the UV-Vis spectrum, the fluorescence spectrum of 
1 was sensitive to the addition of Cl
−
 and Br
−
 (Figure 2-13b). The intensity of the FLmax = 520 nm 
for free 1 was suppressed to approximately 20% and 37% upon the addition of Cl
−
 and Br
−
, 
respectively. It was also observed that both the FLmax = 520 nm (lactim structure) and the 
FL
max = 
420 nm (lactam structure) were present in the spectra after the addition of Cl
−
 and Br
−
, confirming 
that both the lactam and the lactim structures coexisted in THF solution. In contrast, the addition of 
F
−
 and AcO
−
 to a solution of 1 decreased the FLmax = 520 nm and resulted in a blue shift of 
approximately 55 nm at FLmax = 470 nm, corresponding to a change in the equilibrium state. The 
half magnitude of the Stokes shifts for the addition of F
−
 and AcO
−
 (~3,500 cm
−1
) compared to that 
of free 1 was consistent with the formation of an anionic 1
−
 structure. The intensity suppressions of 
FLmax = 520 nm by the addition of F
−
, Cl
−
, Br
−
, and AcO
−
 were found to be approximately 12, 21, 
36, and 16%, respectively, when compared with the initial intensity of 1.   
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Figure 2-13. Anion-sensing properties of 1 towards F
−
, Cl
−
, Br
−
, and AcO
−
 in THF. a) Absorption 
and b) fluorescence spectra of free 1 (black), 1+100F
−
 (blue), 1+100Cl
−
 (green), 1+100Br
−
 (violet), 
and 1+100AcO
−
 (red). 
 
Determination of the crystal structure of TBA
+
·1·Cl
−
 has aided in understanding the 
anion-sensing properties of 1 (Figure 2-14a). From the crystal structure, it can be seen that the Cl
−
 
anion existed in close proximity to the acidic -N–H proton of the lactam structure with a hydrogen 
bonding N•••Cl− distance of 3.15 Å, which is 0.2 Å shorter than the sum of the van der Waals 
radius of nitrogen plus the ionic radius of Cl (3.36 Å).
37
 Other interactions around the Cl
−
 anion 
were not observed within the crystal (Figure 2-14b). As comparable spectral changes were 
observed for compound 1 upon the addition of either Cl
−
 or Br
−
, the anion-sensing mechanism of 
Br
−
 should therefore be the same as that of Cl
−
. The N-H•••Cl− and N-H•••Br− hydrogen-bonding 
interactions of the lactam structure therefore played an important role in Cl
−
- and Br
−
-complex 
formation with 1, which resulted in an equilibrium shift to the lactam structure. This was confirmed 
by decrease in the ESIPT fluorescence band of the lactim tautomer at FLmax = 520 nm. Although 
the fluorescent mechanism of fluorophores is often affected by intermolecular hydrogen-bonding 
interactions with surrounding counterparts such as protic solvents,
38-40 
the fluorescence quenching 
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of molecule 1 by adding Cl
-
 or Br
-
 anions is ascribed not to its influence on the ESIPT process in 
the lactim forms, but to relative population decrease of the ESIPT-active lactim forms, associated 
with stabilization of lactam forms due to N-H•••X− hydrogen bonding interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-14. Crystal structures of TBA
+
·1·Cl
-
 for the anion-sensing states. a) N–H•••Cl− hydrogen 
bonded 1 in the TBA
+
·1·Cl
−
 crystal. b) Unit cell viewed along the a axis. 
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Figure 2-15 shows the 
1
H NMR spectra of 1 (6 mM in THF-d8) upon the gradual addition of 0–2 
equivalents of F
−
. Signals a and b were assigned to the N–Ha and N–Hb protons of the lactam 
structure, whereas those of c and d were assigned to protons O-Hc and N-Hd of the lactim structure. 
We observed that signals a, b, and c disappeared upon addition of 0.1 equivalents of F
−
, which 
correlates as expected with the predicted mechanism, where protons N–Ha, N–Hb, and O–Hc 
disappear upon complexation with F
−
. In contrast, a large shift to lower magnetic field was 
observed for the N–Hd proton of the CONHC12H25 chain, through complexation with F
−
. The 
disappearance of the N–Ha and N–Hc protons from the lactam and lactim structures, respectively, 
upon the addition of small amounts of F
−
 support the theory of a deprotonation equilibrium, which 
is consistent with the changes observed in the electronic absorption spectra (Figure 2-16). As the 
optical response of 1 upon the addition of AcO
−
 was similar to that observed upon the addition of 
F
−
, it was assumed that the anion-sensing mechanism of 1 towards AcO
−
 was comparable to that 
towards F
−
. 
 
 
 
 
 
 
 
 
Figure 2-15. 
1
H NMR spectra of 1 (6 mM) in THF-d8 upon the addition of 0-2 equivalents of F
−
. 
Signals a and b were assigned to the N–Ha and N–Hb protons of the lactam structure, whereas 
signals c and d were assigned to the O–Hc and N–Hd protons of the lactim structure.  
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Figure 2-16. UV-vis titration of 1 using and TBA·F
-
 in THF. Initial concentration of 1 was 
2.104x10
-5
 M a) Change in the UV-vis spectra by the addition of 5 equivalent of F
-
 ion. b) Titration 
curve at UVmax = 421 nm and fit (blue solid line) by two-step F
-
-recognition processes.   
 
The formation of deprotonated 1
−
 was confirmed by single crystal X-ray structural analysis of 
TBA
+
·1
−
·H2O (Figure 2-17a). Although the single crystal was prepared by slow diffusion between 
TBA
+
F
−
 and 1, only the TBA
+
 cation, deprotonated 1
−
, and one molecule of water were present in 
the crystal structure. It was also observed that in THF, the acidic N–H proton of the lactam 
structure of 1 was eliminated upon the addition of F
−
, and crystallized in the TBA
+
·1
−
·H2O 
structure. As the electronic structure of deprotonated 1
−
 was significantly different from that of 
neutral 1, significant changes were observed in both the absorption and fluorescence spectra upon 
the addition of F
−
 and AcO
−
 to the solution. From combination of the crystal structures of 
TBA
+
·1·Cl
−
 and TBA
+
·1
−
·H2O, it was apparent that the N–H•••F
−
 hydrogen-bonding complex of 
the lactam structure formed initially at low concentrations of F
−
, which was followed by 
deprotonation from the hydrogen bonded N–H•••F− to generate the anionic 1− (Scheme 2-3).12, 25, 29  
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Figure 2-17. Crystal structure of TBA·1
-
·H2O. a) Deprotonated anionic 1
−
 in the TBA
+
·1
−
·H2O 
crystal.  b) Unit cell viewed along the a axis. Layer structure was extended along the c axis. 
 
 
 
 
 
Scheme 2-3. Two-step F
−
 sensing process of 1 through the hydrogen bonded N-H•••F− complex, 
and subsequent deprotonation to form the anionic 1
−
. 
 
a) 
o 
c 
b 
b) 
2. Cation–Anion Dual Sensing of a Fluorescent Quinoxalinone Derivative Using Lactam–Lactim 
Tautomerism 
 45 
This process therefore suppressed the ESIPT and the large Stokes shift. Figure 2-18a shows the 
change in the fluorescence spectra upon the addition of 0-5 equivalents of F
−
 to the solution of 1 in 
THF, with suppression of the intensity at FLmax = 520 nm (lactim structure) being observed. In 
addition, the existence of isosbestic points at 435 and 475 nm corresponded to the equilibrium in 
the solution phase. In Figure 2-18b, the concentration-dependent change in fluorescence intensity at 
FLmax = 520 nm is shown. Upon examination of the plot, it can be seen that the intensity at 
FL
max 
= 520 nm decreased gradually upon the addition of F
−
, and reached saturation after the addition of 
approximately 2 equivalents of F
−
. The two-step equilibrium process was analyzed to determine the 
F
−
 binding constants, with values of logKa1 = 5.9 and logKa2 = 6.9 being calculated for the 
formation of the N–H•••F− hydrogen-bonded species (first step) and deprotonation of N–H proton 
(second step), respectively. Comparable results were obtained in the UV-vis titration experiments 
of 1 using F
−
 (Figure 2-16). AcO
−
 binding constants of logKa1 = 6.3 and logKa2 = 8.6 were obtained 
by fluorescent titrations (Figure 2-19), which were one order of magnitude larger than the F
−
 
binding constants. In addition, the fluorescent titration of 1 with Cl
−
 was also carried out at FLmax = 
520 nm, and gave a binding constant of logKa1 = 3.4 (Figure 2-20), which was lower than those 
calculated for F
−
 and AcO
−
, due to the formation of the N–H•••Cl− hydrogen bonded structure. In 
contrast to complexations with F
−
 and AcO
−
, deprotonation was not observed upon the addition of 
100 equivalents of either Cl
−
 or Br
−
.  The anion recognition ability was decreased in the order of 
AcO
−
, F
−
, to Cl
−
 anions, where the two oxygen sites played an effective role to bind AcO
−
 anion.   
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Figure 2-18. Fluorescent titration of 1 with F
−
 in THF. a) Changes in the fluorescence spectra of 1 
(0.02 mM) upon the addition of 0 (blue) to 5 (red) equivalents of F
−
. b) Plot of F
−
 concentration vs. 
intensity of FLmax = 520 nm. The solid line was fit for the two-step equilibrium. 
 
 
 
 
 
 
 
 
 
Figure 2-19. Fluorescence titration of 1 using and TBA·AcO
-
 at the excitation wavelength of 376 
nm in THF. Initial concentration of 1 was 2.104x10
-5
 M a) Change in the fluorescence spectra by 
the addition of 5 equivalent of AcO
-
 ion. b) Titration curve at FLmax = 520 nm and fit (solid line) by 
two-step AcO
-
-recognition processes. 
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Figure 2-20. Fluorescence titration of 1 using and TBA·Cl
-
 at the excitation wavelength of 370 nm 
in THF. Initial concentration of 1 was 2.092x10
-5
 M a) Change in the fluorescence spectra by the 
addition of 100 equivalent of Cl
-
 ion. b) Titration curve at FLmax = 520 nm and fit (solid line) by 
one-step Cl
-
-recognition processes.  
 
2-3-4. Cation–Anion Dual Sensing. As already established, the ion-sensing properties of 
compound 1 are governed by the lactam–lactim tautomerism and deprotonation process, and so 
chemical control of the ion-sensing states can enable us to design a range of optical responses in 
compound 1. For example, M
+
-1 and free 1 have different anion-sensing properties, whereas the 
X
−
-1 and free 1 compounds display different optical responses. In particular, as the electronic 
structures of the F
−
 or AcO
− 
complexes with compound 1 are significantly different from that of 
free 1, the optical response for the M
+
-sensing process of anionic 1
−
 should be different to that of 
free 1. Figure 2-21 summarizes the cation–anion dual sensing properties of compound 1, where the 
initial step involves the Li
+
-sensing of anionic 1
−
, and the second involves the AcO
−
-sensing of the 
Li
+
-1 complex.  
The addition of three equivalents of AcO
−
 to a solution of 1 generated the anionic 1
−
 through the 
deprotonation of the N-H proton, resulting in fluorescence quenching and a blue shift of FLmax 
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from 522 to 462 nm (black spectrum, Figure 2-21a). The addition of three equivalents of Li
+
 
resulted in recovery of the fluorescence quenching state of 1
−
 and a red shift of the FLmax from 462 
to 475 nm (orange spectrum, Figure 2-21a). Further addition of nine equivalents of Li
+
 resulted in a 
blue-shift of the FLmax from 475 to 465 nm, which was consistent with the 
FL
max of Li
+
-sensing 1, 
although the intensity of the FLmax was double that of the original Li
+
-sensing 1 (Figure 2-9). The 
changes in fluorescence upon the addition of Li
+
 to 1
−
 therefore appeared to be a stepwise process. 
Electrostatic interactions between Li
+
 and the anionic nitrogen site of 1
−
 became the dominant 
Li
+
-capturing site, while the second site was present on the lone pairs of the nitrogen and oxygen 
atoms (Scheme 2-4).  
The AcO
−
-sensing properties of the Li
+
-1 complex were evaluated by the stepwise addition of 
AcO
−
 to the solution. Initially, three equivalents of Li
+
 were added to the solution of 1, resulting in 
noticeable modification of the fluorescence spectra (Figure 2-21b). The subsequent addition of 2.5 
equivalents of AcO
−
 to the Li
+
-1 complex resulted in fluorescence enhancement and a blue shift of 
the FLmax from 525 to 465 nm. A linear enhancement in 
FL
max = 465 nm was observed at 
approximately 11-times that of the initial state. Although the magnitude of the fluorescence 
enhancements varied between the addition of Li
+
 and AcO
−
, both fluorescence spectra at FLmax = 
465 nm showed comparable tendencies. 
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Figure 2-21. Changes in the fluorescence spectra by cation–anion dual sensing of 1 at an excitation 
wavelength of 383 nm. a) Li
+
-sensing of 1
−
 (0.02 mM). The anionic 1
−
 was generated by the 
addition of 3 equivalents of TBA
+
AcO
−
, and titrated stepwise with 9 equivalents of Li
+
. b) 
AcO
−
-sensing of the Li
+
-1 complex (0.021 mM), generated by the addition of 3 equivalents of 
Li
+
PF6
−
, and the subsequent stepwise titration of 2.5 equivalents of AcO
−
.  
 
 
 
 
 
 
 
 
Scheme 2-4. Dual cation–anion sensing of 1. Stepwise Li+-sensing processes of anionic 1− and 
stepwise AcO-sensing of the Li
+
-1 complex. 
 
 
a) b) 
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2-4. Conclusions 
A new fluorescent quinoxalinone (Qxa) derivative bearing a CONHC12H25 chain (1) was designed 
to improve the solubility of Qxa derivatives in common organic solvents and to enhance the 
cation–anion dual sensing properties as observed using optical responses. The lactam–lactim 
equilibrium was found to exist in THF with a lactam to lactim ratio of 1:4. The lactim structure was 
found to display a large Stokes shift of approximately 8,900 cm
−1
 due to the ESIPT process, which 
can be utilized for the cation–anion sensing properties. The addition of Li+ and Na+ cations into a 
solution of the Qxa derivative in THF resulted in a blue shift of the FLmax. The crystal structural 
analysis of the Li
+
-coordinated complex Li
+
·(1)2·(H2O) revealed the formation of a 1:2 
coordination complex thorough the lone pairs of the oxygen and nitrogen atoms. Fluorescent 
quenching was observed in anion sensing upon the addition of F
−
, Cl
−
, Br
−
, and AcO
−
. The 
absorption spectra for the F
−
 and AcO
−
 sensing states displayed significant changes, accompanied 
by a red shift in the UVmax of approximately 40 nm 
UV
max, due to deprotonation of the N-H proton 
in the lactam structure. X-ray crystal structure analyses of TBA
+
·1·Cl
−
 and TBA
+
·1
−
·H2O enabled 
us to discuss the anion (X
−
)-sensing molecular structures. The formation of N–H•••X− hydrogen 
bonded structures was found to be the initial step in the generation of X
−
-sensing 1, with 
deprotonation of the N–H•••X− proton occurring in the second step upon the addition of F− and 
AcO
−
. This second step was suppressed in the case of Cl
−
 and Br
−
. The cation-sensing properties of 
1 were also investigated and were found to be dominated by interactions with the lone pairs of the 
oxygen and nitrogen atoms in the lactam structure, whereas the anion-sensing properties were 
governed by the hydrogen-bonding N–H proton of the lactam structure. The combined 
cation–anion sensing properties were found to depend on the previous ion-bound states, such as the 
AcO
−
-1
−
 and the Li
+
-1 complexes, whose fluorescence spectra displayed variations in behavior. It 
is therefore expected that the dual fluorescence probe for cations and anions, coupled with 
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lactam–lactim tautomerism has the potential for application in multiple output systems for the 
construction of molecular logic gates. 
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3-1. Introduction 
Studies on selective cation recognition for alkali metal (M
+
) or alkaline earth metal (M
2+
) ions such 
as Na
+
, K
+
, Mg
2+
, and Ca
2+
 by a large number of crown ether derivatives have been reported, where 
the central cavity of the molecule can capture various cations through multiple electrostatic M
+•••O 
interactions.
1–4
 For instance, simple [18]crown-6 molecules with a cavity diameter of 1.34–1.43 Å 
show a high complex formation constant (K) for size-matching K
+
 (log K = 6.08), NH4
+
 (log K = 
4.14), and Ca
2+
 (log K = 3.90) in CH3OH, whereas the cation recognition abilities for 
size-mismatching Li
+
, Cs
+
, and Mg
2+
 decrease to less than log K ~ 2.
1,2
 In crown ether derivatives, 
a simple chemical design of the cavity size from [12]crown-4, [15]crown-5, and [18]crown-6 to 
[24]crown-8 can successfully control the cation-binding ability in the solution phase. Detection 
methods for each cation are also important factors for the application of cation-sensing materials. 
Cation capture by a simple crown ether derivative changes the solution conductivity as a detection 
output for the ion recognition; highly sensitive ion detection techniques are desirable for sensor 
applications. Among a large number of detection techniques, fluorescence response has been 
widely utilized for highly sensitive ion sensing of crown-ether derivatives.
5-7
 Although the 
fluorescence response of a simple crown-ether derivative is usually inactive for cation recognition 
at the cavity, a fluorescent crown-ether derivative bearing a 9-cyano anthracene unit has been 
developed as a high-performance Na
+
-sensing molecule.
8
 Chemical design of crown-ethers bearing 
a structural unit responsible for fluorescence has been attempted to construct ion sensor 
molecules.
5,8
 In contrast, chemical design of anion-sensing molecules are very complex in 
molecular systems. Various types of anions such as spherical (F
−
, Cl
−
, Br
−
), linear (N3
−
, CN
−
, OH
−
), 
trigonal (NO3
−
 and CO3
2−
), and octahedral (Fe(CN)6
4−
) anions play an important role in the field of 
chemistry such as in acid rain, biomineralization, agriculture, and air pollution.
9–12
 Therefore, the 
development of anion-sensing molecules has attracted much attention recently. Among a large 
number of anion receptors, the intermolecular N–H•••X− hydrogen-bonding interaction has been 
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widely utilized for the efficient F
−
-sensing structural unit of ureido-based fluorescence 
materials.
13–15
 The F
−
-capturing process in specific N–H•••F− hydrogen-bonding interaction affects 
the π-electronic structure of fluorescent unit, resulting in a large magnitude of ON/OFF ratio for the 
detection of F
−
 anion in the solution phase.  
We have been focused on the hydrogen-bonding tautomeric π-molecular systems with a lactam 
(N–H form)–lactim (=N form) structural transformation.16–22 These molecular systems have a 
potential to show novel fluorescence response arising from ESIPT with a large Stokes shift due to 
the large magnitude of the structural transformation at the excited states.
19–22
 Among the 
fluorescent ESIPT molecules, quinoxalinone (Qxa) derivatives show excellent fluorescence 
properties coupled with the lactam–lactim tautomerizm.16–18 We introduced a long alkylamide chain 
of –CONHC12H25 into the π-electron core of Qxa 1 to increase the solubility in common organic 
solvents (molecular structure of 1 is shown in Scheme 3-1).
23
 One acidic N–H proton of the lactam 
structure of C12Qxa can be utilized for the anion-sensing site to form the intermolecular N–H•••X
−
 
(X
−
 = F
−
 and AcO
−
) hydrogen-bonding structure, and high F
−
- and AcO
−
-sensing abilities have been 
observed in both the absorption and fluorescence spectra in CH3CN and THF. The stepwise 
F
−
-sensing processes of N–H•••F− (AcO−) hydrogen-bonding formation and deprotonation at acidic 
N–H proton occurred in the presence of highly basic anionic species such as F− and AcO−. The 
absorption and fluorescence spectra of the deprotonated 1
−
 anion were completely different from 
those of neutral 1, resulting in effective F
−
 anion-sensing ability. Both the lactam–lactim 
tautomerism and deprotonation of lactam structure at the N–H site were coupled for the F−- and/or 
AcO
−
-sensing behavior. Neutral 1 molecules also showed Li
+
-sensing property through the 
formation of a Li
+•••N planar 1:2 coordination complex. The cation–anion dual-sensing responses 
of 1 can generate four types of different chemical species 1, M
+•1, 1•X−, and M+•1•X− with 
different optical responses. Of particular interest in this system is a molecular processing using both 
the cation- and anion-sensing responses, as these molecules can be designed for applications in the 
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construction of molecular logic gates and computing systems.
24–26
 In these systems, the previous 
cation-sensing states affect the subsequent anion-sensing responses and vice versa. The multiple 
cation-sensing properties toward H
+
 and Na
+
 have been applied for the photoinduced electron 
transfer process of crown-ether-fused anthracene derivatives,
22
 where the H
+
 and Na
+
-sensing 
molecules showed diverse fluorescence responses. The change in the fluorescence responses 
depending on the pH of the system has been utilized for molecular full-adder and full-subtractor 
systems, resulting in a response towards cationic H
+
 species at a low pH and anionic OH
−
 species at 
a high pH.
25
 Heteroditopic receptors for cation–anion pair recognition have also been developed 
using molecular systems bearing a crown-ether-fused phenylurea, where cooperative ion-binding 
properties were successfully achieved.
26
 Further molecular design of fluorescent cation–anion 
dual-sensing systems has potential to achieve complex molecular calculators. The main text of the 
article should appear here with headings as appropriate. 
 
 
 
 
 
Scheme 3-1. Qxa derivative 1 and its lactam–lactim tautomerism. 
 
The dual sensing property of molecule 1 was observed for the cations Li
+
 and Na
+
 and anions F
−
 
and AcO
−
 as spectral changes in both the absorption and fluorescence measurements. Herein, we 
introduced an additional cation-sensing [18]crown-6 unit into a cation–anion dual-sensing C12Qxa 
derivative, forming a new fluorescent molecule 2, in which K
+
 cation should effectively bind at the 
additionally introduced [18]crown-6 site (Scheme 3-2). Because a relatively large-sized K
+
 cation 
is not recognized by the 1, a high K
+
-capturing ability of molecule 2 at the newly introduced 
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[18]crown-6 site has a potential to show successive ion-sensing behavior with previous ion-sensing 
through the cation–anion electrostatic interaction. For instance, the anion-sensing ability of K+•2 
should be higher than that of neutral 2 owing to the additional electrostatic interaction. In addition, 
deprotonation at the acidic N–H site of 2 can generate a highly cation-binding anionic 2−, which 
can show a higher M
+
-sensing ability than neutral 2. First, the simple K
+
- (process I) and AcO
−
- 
(process II) recognizing properties of 2 were evaluated to determine the binding constants for each 
ion. Second, the AcO
−
-sensing behavior of cationic K
+•2 (process III) and K+-sensing behavior of 
anionic 2
−
 (process IV) were examined to analyze the previous cation and/or anion-sensing of 2. 
The zwitterionic K
+•2− species showed a high chemical stability owing to the intramolecular 
electrostatic interaction, forming the stable organogel state in CH3CN, acetone, and THF. The 
one-dimensional (1D) molecular-assembly structure has been achieved in the zwitterionic 
molecular structure by introducing a K
+
-capturing [18]crown-6 unit into the anionic 1 core. 
 
 
 
 
 
 
 
 
 
Scheme 3-2. Independent chemical states of [18]crown-6-fused Oxa derivative 2 (R = C12H25) with 
the lactam tautomer and deprotonation at the N–H proton. Equilibrium process of each of I, II, III, 
and IV is discussed below. 
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3-2. Experimental 
3-2-1. General. Commercially available chemical reagents and solvents were used as received 
without further purification. 
1
H (400 MHz) and 
13
C (125 MHz) NMR spectra were recorded using a 
Bruker Advance III 400-MHz NMR spectrometer and a Bruker 500-MHz NMR spectrometer, 
respectively. Chemical shifts (σ) are expressed in ppm relative to tetramethylsilane (1H, 0.00 ppm) 
or residual non-deuterated solvent (DMSO-d6; 
13
C 39.5 ppm) as the internal standard. Mass spectral 
and elemental analyses were conducted using a JMS-700 spectrometer and Microcoder JM10, 
respectively. Infrared (IR, 400–4000 cm−1) spectra were obtained using KBr pellets and a Thermo 
Fisher Scientific Nicolet 6700 spectrophotometer with a resolution of 4 cm
−1
.  
 
3-2-2. Preparation of 2. A solution of dodecylalloxane monohydrate (1.436 g, 4.165 mmol) in 
CH3OH (25 mL) was slowly added (dropwise) to a solution of diaminobenzo[18]crown-6 (1.4259 g, 
4.165 mmol) in CH3OH (25 mL), and the reaction mixture was stirred at room temperature 
overnight.
34–36
 The solvent was removed in vacuum, and the crude products were purified by Gel 
Permeation Chromatography (GPC) and recrystallized from THF, giving the desired product 2 as a 
yellow solid (1.826 g, yield 74%). Dec. ~280 °C; 1H NMR (400 MHz, DMSO-d6): δ 12.81 (s, 1H), 
9.33 (t, J = 5.52 Hz, 1H), 7.36 (s, 1H), 6.83 (s, 1H), 4.18 (m, 1H), 3.80 (m, 4H), 3.68–3.49 (m, 
12H), 3.28 (q, J = 6.40 Hz, 2H), 1.51 (quin, J = 6.90 Hz, 2H), 1.24 (m, 18H), 0.85 (t, J = 7.03 Hz, 
1H). 
13
C NMR (125 MHz, DMSO-d6): δ 162.39, 154.42, 152.80, 145.86, 145.22, 128.19, 126.17, 
110.81, 97.22, 69.93, 69.91, 69.76, 69.74, 69.63, 38.66, 31.15, 28.90, 28.87, 28.85, 28.84, 28.58, 
28.55, 26.31, 21.93, 13.76. IR (KBr, cm
-1
): 3431, 3074, 2923, 2853, 1671, 1637, 1557, 1506, 1461, 
1279, 1236, 1121. HR-MS (FAB) calcd. for C31H48O8N3Na2 [(M – H + 2Na)
+
] 636.3237, found 
636.3237. Elemental analysis. Calcd. for C31H49O8N3; C 62.92, H 8.35, N 7.10; Found C 62.62, H 
8.32, N 7.05.  
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Figure 3-1. NMR spectra of 2. a) 
1
H NMR and b) 
13
C NMR spectra in DMSO. 
a) 
b) 
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Figure 3-2. IR spectra of 2 on KBr pellet. 
 
3-2-3. Optical Measurements and Cation–Anion Sensing. UV–vis and fluorescence spectra in 
CH3CN were measured using Perkin Elmer Lambda 750A and Shimadzu RF6000 
spectrophotometers, respectively, using a quartz cell with an optical length of 10 mm. Cation 
sources K
+•PF6
−
 and anion sources TBA
+•OAc− were used for the ion-sensing and optical titration 
experiments. The complex formation constants (K) of the K
+
 and AcO
−
 ions were determined using 
the spectral changes in the absorption and fluorescence titration spectra.
37, 38 
 
3-2.4 Formation of Organogels and Sol–Gel Transition. Solvent-dependent organogelation 
behaviours were evaluated for molecule 2 (6.76 mmol) including TBA
+•AcO- (13.5 mmol) and 
K
+•PF6
-
 (13.5 mmol) in CH3CN, CH3OH, acetone, DMSO, THF, and CHCl3 (0.5 mL). Each 
solution was first heated to a temperature below the boiling point using an oil bath and then cooled 
to room temperature. Three types of solvents, CH3CN, acetone, and THF, showed the sol–gel 
transition around room temperature. The cation-dependent organogelation behaviour of 2 (6.76 
mmol) and TBA
+•AcO- (13.5 mmol) in CH3CN (0.5 mL) was evaluated for the cation sources 
Li
+•PF6
-
, Na
+•PF6
-
, Cs
+•ClO4
-
, and NH4
+•PF6
-
 (13.5 mmol). The morphology of xerogel 2 on a mica 
substrate was observed by AFM using a JEOL SPM-5200 instrument. An CH3CN solution of 2 
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(0.13 mM), TBA
+•AcO- (0.27 mM), and K+•PF6
-
 (0.27 mM) was used to fabricate a thin film using 
the spin coat technique with a rotary speed of 4000 rpm. Reversible sol–gel transitions of 2 in 
CH3CN were evaluated using the vapour diffusion method of trifluoroacetic acid (TFA) for the gel
→sol transition and triethylamine (TEA) for the sol→gel transition. 
 
3-2-5. Crystal Structure Determination. Single crystals of K
+•2•PF6
-
 and TBA
+•2-•(H2O)2 were 
obtained by the slow evaporation of CH3OH and diffusion of hexane into ethyl acetate, respectively. 
Temperature-dependent crystallographic data (Table 3-1) were collected using a Rigaku RAPID-II 
diffractometer equipped with a rotating anode, fitted with a multilayer confocal optic, using Cu-K 
( = 1.54187 Å) radiation emitted from a graphite monochromator. Structural refinements were 
carried out using the full-matrix least-squares method on F
2
. Calculations were performed using the 
Crystal Structure software packages.
39, 40
 All the parameters were refined using anisotropic 
temperature factors, except for those of the hydrogen atoms.  
 
3-2-6. Calculations. The molecular structures of the Oxa derivative bearing a CONHCH3 chain 
were evaluated to determine the HOMO and LUMO in the gas phase, based on Density Functional 
theory (DFT) calculations using the B3LYP-6-31G (d, p) basis set in Gaussian 09W.
41
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Table 2. Crystal data, data collection, and reduction parameters of crystals: K
+•2•PF6
-
 at 223 K and 
TBA
+•2-•(H2O)2 at 100 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
R = ||Fo| - |Fc|| / |Fo| and Rw = (|Fo| - |Fc|)
2
 / Fo
2
)
1/2
. 
 K
+•2•PF6

 TBA
+•2•(H2O)2 
Chemical formula C31H49F6KN3O8P C47H88N4O10 
Formula weight 775.81 869.23 
Space group P21/c (#14) P-1 (#2) 
a, Å 29.848(2) 8.09104(19) 
b, Å 8.1482(6) 16.5137(4) 
c, Å 15.0184(9) 37.7683(11) 
α, deg - 90.9780(13) 
β, deg 93.207(3) 95.1588(14) 
γ, deg - 90.1324(12) 
V, Å
3
 3646.9(4) 5025.1(2) 
Z 4 4 
T, K 223 100 
Dcalc, g∙cm
3
 1.413 1.149 
λ, cm1 24.207 6.394 
Refs. meas. 39821 56628 
Indep. refls. 6630 17997 
Refls. used 6630 17997 
R
 a)
 0.2399 0.2269 
Rw(F
2
) 
a)
 0.4666 0.3737 
GOF 1.261 0.975 
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3-3. Results and Discussion 
3-3-1. Optical Properties of 2. The absorption and fluorescence spectra of 2 in CH3CN were 
slightly different from those of the molecule 1 (Figure 3-3). The introduction of an [18]crown-6 
unit into 1 resulted in an approximately 40 nm red shift of the absorption spectra, where the 
electron-donating [18]crown-6 unit modulated the HOMO level of 2 (Figure 3-4). The lactam and 
lactim tautomers of 1 exhibited fluorescence maxima at 440 and 510 nm, and the Stokes shifts were 
4,900 and 8,900 cm
−1
, respectively.
23
 A large Stokes shift is generally observed in the case of a 
significantly large conformational change in the excited-state molecular structure, indicating that 
the ESIPT of the lactim tautomer dominates for the fluorescence peak at 510 nm. Only the 
fluorescence peak of 2 at 490 nm could be explained by the absence of two tautomers. The Stokes 
shift of 2 with a small magnitude of 5,600 cm
−1
 was consistent with the emission from the lactam 
tautomer in the absence of lactim tautomer in CH3CN. Because the quantum yield of 2 (~46%) was 
much larger than that of C12Qxa (~1%), the introduction of an electron-donating [18]crown-6 unit 
effectively enhanced the fluorescence properties of 2. 
 
 
 
 
 
 
 
 
 
Figure 3-3. Absorption (left axis) and fluorescence (right axis) spectra of 1 (black) and 2 (red) in 
CH3CN. 
2 
1 
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Figure 3-4.  Frontier orbitals of 2 a) for HOMO, b) for LUMO and of 1 c) for HOMO, d) for 
LUMO based DFT calculations using the B3LYP-6-31G (d, p) basis set in Gaussian 09W. 
 
3-3-2. K
+
 recognition of 2 at process I. A high K
+
-capturing ability of [18]crown-6 has been 
already observed in size-matching combination between the ionic radius of K
+
 cation (~1.33 Å) and 
cavity radius of [18]crown-6 (1.34–1.43 Å).1–3 A flexible [18]crown-6 structure was introduced into 
the fluorescent π-electron core of molecule 1 to effectively capture the K+ cation possessing a 
potential to modulate the anion-binding ability. The K
+
-binding constant of molecule 2 was 
determined by spectroscopic titration using K
+•PF6
−
 in CH3CN. The addition of K
+
 ions to 2 in 
CH3CN did not change both the absorption and fluorescence spectra (Figure 3-5), indicating almost 
no interaction with the electronic structure of 1 through the K
+
-capturing at the [18]crown-6 unit. 
However, the K
+
-capturing behaviour at the [18]crown-6 unit was confirmed by the 
1
H NMR 
spectra of 2 in CD3CN (2.0 mM), where the chemical shift (σ) of Ha, Hb, and Hc protons (upper 
part in Figure 3-6a) at around  = 3.55–3.65 ppm showed a downfield shift by the addition of K+ 
ions. The σ shift was saturated to  = 3.62 ppm by the addition of two equivalent of K+ ions 
(Figure 3-6).  A 1:1 association model of K
+•2 resulted in log K = 5.1 (eq. 1 and Table 3-2), and 
(a) (b) 
(c) (d) 
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the magnitude was well consistent with the log K = 5.3 of benzo[18]crown-6 in CH3CN.
1,2
 A 
relatively high K
+
-capturing ability of 2 at the [18]crown-6 unit can be utilized and affected the 
next anion-recognizing property in the stepwise cation–anion dual-sensing processes. 
 
Table 3-2. Complex formation constants (logK) of 2, K
+•2, and 2.a  
 
 
 
 
 
 
a
 The K for ionic K
+•2 and 2 states were apparent values due to the competition of ionic species in 
optical titration solution. 
b
 From chemical shift of 
1
H NMR spectra. 
c
 Parenthesis values are 
obtained from the UV-vis titration spectra.  
d
 Not determined by UV-vis titration spectra due to 
less changes. 
 
                                                                    eq. (1)   
                                                                            
                                                                    eq. (2)                                                                     
 
 
 
 
 
 
 
K
+ 
F
-
 AcO
-
 
logK logK1 logK2 logK1 logK2 
2
b
 5.1 4.9 (5.0) 6.5 (6.4) 4.9 (5.0) 5.9 (6.2) 
K
+•2 - - - 9.3 (9.7) 6.6 (6.3) 
2

 6.3
d
 - - - - 
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Figure 3-5.  K
+
 titration spectra of 2 in CH3CN. a) Absorption and b) fluorescence spectra by the 
addition of 21 equivalents of K
+
 in CH3CN.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6.  
1
H NMR titration spectra of 2 (2.0 mM) in CD3CN using K
+•PF6
-
. a) Change of the 
chemical shift upon K
+
 ion addition. b) Plots of chemical shift of Ha and titration amount of K
+
 ion 
per 2. Red line was a fitting curve of 1:1 complex formation between 2 and K
+
 ion.   
(a) (b) 
(a) 
a 
b 
c 
Ha 
Hb Hc 
(b) 
Equivalent of K
+ 
per 2 
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Single crystals of K
+•2•PF6
−
 were obtained by mixing 2 and K
+•PF6
−
 in CH3OH, indicating a 
direct evidence of K
+
-capturing by the [18]crown-6 structure. One K
+•2•PF6
−
 unit was 
crystallographically independent structural unit, and the K
+
 cation was completely captured by the 
cavity of [18]crown-6 (Figure 3-7a), consistent with a high K
+
-binding constant of log K = 5.1. An 
average K
+•••O distance of 2.75 Å, dK1–O2 = 2.781(6), dK1-O3 = 2.741(6), dK1–O4 = 2.751(7), dK1–O5 = 
2.719(9), dK1–O6 = 2.709(6), and dK1–O7 = 2.793(6) Å, was almost the same as that of 
K
+
[18]crown-6,
27, 28
 and the K
+
 cation was located at 0.15 Å above the mean O6 plane of 
[18]crown-6. Because the carbon–oxygen atomic distance of dC1–O1 = 1.241(13) Å in molecule 2 
was consistent with the typical length of C=O double bond, it can be concluded that the lactam 
tautomer is present in the solid state.  Figure 3-7b shows the unit cell viewed along the b axis, 
where the 1D N–H•••O= hydrogen-bonding assembly of molecule 2 was elongated along the c axis. 
The intermolecular N–H•••O= hydrogen-bonding interaction of dN1–O2 = 2.832(9) Å connected each 
molecule in the 1D assembly, where the PF6
−
 anions existed above and below the K
+
 cation with a 
dK1–P1 distance of 3.959(4) Å along the b axis (Figreu 3-7c). No intermolecular π-stacking 
interaction was present, and each 1D hydrogen-bonding molecular assembly was assembled in the 
infinite PF6
−•••K+•••PF6
−
 electrostatic interaction along the a axis. 
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Figure 3-7. Crystal structure of K
+•2•PF6
-
 a) Molecular structure of K
+
-captured 2 through 
effective K
+•••O interactions. b) Unit cell viewed along the b axis and N–H•••O= 
hydrogen-bonding molecular assembly along the c axis.  c) Unit cell along the c axis. 
 
3-3-3. F
−
 and AcO
−
 recognitions of 2 at process II. The F
−
 and AcO
−
 recognitions occurred at the 
acidic N–H proton of 2 in the lactam tautomer through the formation of N–H•••F− (AcO−) 
hydrogen-bonding interactions. Successive deprotonation reactions at N–H•••F− (AcO−) site 
occurred to generate anionic 2
−
 accompanied with drastic spectral changes. Titration spectra of 2 in 
CH3CN using tetrabutylammonium fluoride (TBA
+•F−) and tetrabutylammonium acetate 
(TBA
+•AcO−) indicated the optical responses coupled with F− and/or AcO− recognition. Addition of 
3.7 equiv F
−
 anions to 2 showed an approximately 30 nm red shift of the absorption maximum from 
N1 
N2 
O1 
 
K1 
(a) 
O2 
o 
b 
a 
 (c) 
o 
c 
a 
(b) 
 
3. Dual Fluorescent Zwitterionic Organogel of a Quinoxalinone Derivative using Cation–Anion 
Detection Keys 
 71 
385 nm to 416 nm in the UV–vis spectra (Figure 3-8a), whereas the fluorescence spectra also 
showed 47% quenching of the maximum intensity at 481 nm (Figure 3-9a). Similar optical 
responses were observed in both the absorption and fluorescence spectra of 2 by the addition of 4.3 
equiv of AcO
−
 anion (Figure 3-10a and 3-11a). On the contrary, huge optical responses for Cl
-
 and 
Br
-
 anions were not observed in polar CH3CN solution due to no effective N-H•••X
-
 
hydrogen-bonding interaction and also deprootnation reactions.  The drastic optical response in 
the absorption spectra of 2 was consistent with the effective modulation of the electronic structure 
through the formation of anionic 2
−
. 
The formation of N–H•••F− hydrogen-bonding interactions and deprotonation at the acidic N–H 
proton successively occurred for the stepwise anion recognition of 2, similar to that observed in 
C12Qxa and also in the F
−
 recognition of urea and imidazole derivatives.
9, 29, 30
 The two-step F
−
 
recognitions could be well explained by the combination of the first hydrogen-bonding formation 
(log K1 = 4.9) and second N–H proton dissociation (log K2 = 6.5) using a fitting curve (Figure 3-9a). 
Similarly, the stepwise AcO
−
 recognitions were reproduced by log K1 = 4.9 and log K2 = 5.9 from 
the titration curve of the fluorescence spectra (Figure 3-10a). Molecule 2 has a high F
−
 and/or AcO
−
 
sensing ability at the acidic N–H proton in the lactam tautomer, and also it has a high K+ 
recognition ability at the [18]crown-6 unit, which was applied to achieve the successive 
cation–anion-sensing property. 
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Figure 3-8. UV-vis titration of 2 using F
−
 anion in CH3CN. a) Changes in the UV-vis spectra of 2 
(5.4 μM) by the addition of F− anion from 0 (blue spectrum) to 6.8 equiv (red spectrum). b) Plots of 
absorbance at 415 nm. Black line was a fitting curve of 1:2 recognitions process. 
 
(a) 
 
 
 
 
 
 
 
Figure 3-9. Fluorescent titration of 2 using F
−
 anion in CH3CN. a) Changes in the intensity of 2 
(5.4 μM) by the addition of F− anion from 0 (blue spectrum) to 6.8 equiv (red spectrum). b) Plots of 
intensity at 481 nm. Red line was a fitting curve of 1:2 recognitions process. 
 
 
(b) (a) 
Equivalent of F
- 
per 2 
 (b) 
Equivalent of F
- 
per 2 
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Figure 3-10. UV-vis titration of 2 using AcO
−
 anion in CH3CN. a) Changes in the UV-vis spectra 
of 2 (5.4 μM) by the addition of AcO− anion from 0 (blue spectrum) to 6.4 equivalent (red 
spectrum). b) Plots of absorbance at 415 nm. Black line was a fitting curve of 1:2 recognitions 
process. 
 
 
 
 
 
 
 
 
 
Figure 3-11. Fluorescent titration of 2 using AcO
−
 anion in CH3CN. a) Changes in the intensity of 
2 (5.4 μM) by the addition of AcO− anion from 0 (blue spectrum) to 6.4 equivalent (red spectrum). 
b) Plots of intensity at 481 nm. Red line was a fitting curve of 1:2 recognitions process. 
(a) (b) 
Equivalent of AcO
- 
per 2 
(b) 100
80
60
40
20
0
E
m
is
si
o
n
 i
n
te
n
si
ty
 /
 a
.u
.
650600550500450
Wavelength / nm
 0 AcO
-
 
6.4 AcO
-
(a) 
Equivalent of AcO
- 
per 2 
3. Dual Fluorescent Zwitterionic Organogel of a Quinoxalinone Derivative using Cation–Anion 
Detection Keys 
 74 
 
The molecular structure of deprotonated anionic 2
−
 was confirmed by the single-crystal X-ray 
structural analysis of (TBA
+
)(2
−)•(H2O)2, which was obtained by mixing 2 and the corresponding 
TBA
+• F− and/or TBA+•AcO− in a mixture of ethyl acetate and hexane. Two (TBA+)(2−)•(H2O)2 
units were crystallographically independent, where the water molecules and counter cation TBA
+
 
coexisted in the absence of F
−
 or AcO
−
 anions. Figure 3-12a shows the molecular structure of 2
−
. 
The C1–O1 distance of π-framework of 2 at dC1– O1 = 1.314(9) Å was consistent with the 
intermediate bond length between C=O double bond and C-O single bond, indicating the 
delocalized π-electronic structure of negatively charged anionic 2−. Figure 3-12b shows a unit cell 
of (TBA
+
)(2
−)•(H2O)2 viewed along the a axis, where the TBA
+
 cations were omitted to clarify the 
packing structure. A partial overlap of [18]crown-6 moieties was observed along the a axis, and 
TBA
+
 cations were sandwiched by the π-planes of the upper and lower Oxa units. The π-stacking 
interaction along the a axis was disturbed by the presence of TBA
+
 cations (Figure 3-12c), and each 
anion 2
−
 was connected by the intermolecular N•••H–O and O•••H–O hydrogen-bonding 
interaction via H2O molecules along the b axis with dN–O = 2.938(10) and 2.883(10) Å and dO–O = 
2.728(9) and 2.767(8) Å. Each –CONHC12H25 chain was interdigitated to each other along the c 
axis to form a layer structure.  
 
 
 
 
 
 
 
 
3. Dual Fluorescent Zwitterionic Organogel of a Quinoxalinone Derivative using Cation–Anion 
Detection Keys 
 75 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-12. Crystal structure of TBA
+•2-•(H2O)2. a) Molecular structure of anionic 2
−
 based on the 
single-crystal X-ray structural analysis of TBA
+•2−•(H2O)2. b) Packing structure of 2
−
 and H2O 
viewed along the a axis. TBA
+
 cations and hydrogen atoms were omitted in the figure for clarity. c) 
Packing structure of TBA
+•2-•(H2O)2 viewed along the b axis. 
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3-3-4. AcO
−
 recognition of cationic K
+•2 at process III. The AcO− recognition property of 
positively charged K
+•2 is expected to be different from that of neutral 2 due to the additional 
electrostatic interaction between K
+
([18]crown-6) and AcO
−
 anion recognition at the N–H site. 
Before the optical titrations of 2 (8.4 μM), ten equiv of K+ ions was added to a CH3CN solution in 
advance to generate positively charged K
+•2. The absorption maximum at 381 nm in the UV–vis 
spectra of K
+•2 showed an approximately 30 nm red shift to 415 nm by the addition of 2.6 equiv 
AcO
−
 (Figure 3-13a), whereas the fluorescence maximum at 483 nm was quenched by 
approximately 65% (Figure 3-13c). The AcO
−
 recognition behavior of positively charged K
+•2 was 
confirmed by the optical spectra obtained through the formation of an intermolecular N–H•••AcO− 
hydrogen-bonding structure and deprotonation reaction at the acidic N–H proton. Such two-step 
successive anion recognition of K
+•2 in CH3CN was well explained by an two-step complex 
formation model (eq. 2), indicating log K1 = 9.3 for the hydrogen-bonding formation and log K2 = 
6.6 for the deprotonation (Figure 3-12b). Since the presnet K values of ionic state were dominated 
by the competition of presence K
+
 cation, the apparent K values were obtained by the optical 
titrations.
33
 The AcO
−
 recognition behavior of positively charged K
+•2 was approximately 103 
times higher than that of neutral 2 owing to the additive electrostatic cation–anion interaction 
between K
+
[18]crown-6 and hydrogen-bonding N–H••• AcO− unit within the molecule. 
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Figure 3-13. Successive ion recognition properties of positively charged K
+•2 for AcO- (process 
III) in MeCN. a) UV-vis spectra and c) fluorescence titration spectra (8.4 μM) for AcO 
concentration from 0 (blue spectrum) to 2.6 equiv (red spectrum). Fitting curves of b) UV-vis and 
d) fluorescence titration spectra of the two-step AcO
-
 recognition processes. 
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3-3-5. K
+
 recognition of anionic 2
-
 at process IV. Molecule 2 showed two-step anion recognition 
processes for highly basic F
-
 and AcO
-
 anions at the acidic hydrogen-bonding N–H proton of 
lactam tautomer, forming the intermolecular N–H•••F- (AcO-) hydrogen-bonding assembly 
followed by deprotonation to form anionic 2
-
. Negatively charged anionic 2
-
 is expected to show a 
much higher K
+
 recognition ability than neutral 2 due to the additive electrostatic interactions 
between K
+
 and 2
-
. Before the K
+
 titration, five equivalent of AcO
-
 anions was added into the 
solution to generate anionic 2
-
 in CH3CN, which was titrated using K
+
 cations in UV–vis and 
fluorescence spectra. The changes in UV–vis spectra were saturated by the addition of 3.4 
equivalent of K
+
 (Figure 3-14a), whereas the fluorescence maximum at 472 nm was approximately 
40% quenched by the addition of K
+
 (Figure 3-14b). The K
+
 binding constant at the [18]crown-6 
unit of anionic 2
-
 was reproduced by the 1:1 complex formation model with apparent log K = 6.1 
by the competition of presence AcO
-
 anion (Figure 3-14c),
33
 ten times higher than that of neutral 2 
(log K = 5.1).
 
Although the K
+
 recognition of neutral 2 did not change the optical spectra, both the 
absorption and fluorescence spectra showed responses for K
+
 recognition at the [18]crown-6 unit of 
2
-
. The two-step Li
+
 recognition (log Ka1 = 2.8 and log Ka2 = 4.5) and comparable Na
+
 recognition 
(log Ka1 = 2.0 and log Ka2 = 4.1) were observed in molecule 1, and a high K
+
 recognition ability at 
[18]crown-6 unit was newly introduced into molecule 2 and affected the molecular-assembly 
structures. 
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Figure 3-14. Successive ion recognition negatively charged 2
-
 for K
+
 (process IV) in CH3CN. a) 
UV-vis and b) fluorescence titration spectra (8.4 μM) for K+ concentration from 0 (blue spectrum) 
to 9.4 equiv (red spectrum). c) Fitting curve of K
+
 recognition process of anionic 2
-
 at the 
fluorescence spectra using the 1:1 complex formation model. 
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3-3-6. Organogelation behavior of zwitterionic K
+•2-. The formation of organogels was observed 
by mixing 2 with two equiv of K
+•PF6
-
 and of TBA
+•AcO- in CH3CN, acetone, and THF with a 
concentration of 13.5 mM, where the specific combination of K
+
 and AcO
-
 (or F
-
) ions acted as the 
key ions to form fluorescent organogels. Other cation–anion combinations such Li+–AcO-, 
Na
+–AcO-, Rb+–AcO-, and NH4
+–AcO- did not form organogels. Molecule 2 was insoluble in 
CH3OH, C2H5OH, whereas very soluble in DMSO and DMF. Because the replacement of K
+
 cation 
with other alkali metal and ammonium cations such as Li
+
, Na
+
, Cs
+
, and NH4
+
 did not form 
organogels, the tightly captured K
+
 cation at the cavity of the [18]crown-6 unit was necessary to 
form the 1D molecular-assembly structure in organogels.
31,32
 Both the K
+
 cation and AcO
-
 anion 
were needed to form the organogel (Figure 3-15a), indicating that the formation of zwitterionic 
K
+•2- state played an important role in forming the 1D molecular assembly structure, and the 
three-dimensional (3D) entangled assembly of the 1D fibers resulted in organogels. To observe 1D 
assemblies, the xerogel of K
+•2- was fabricated onto a mica surface using the spin coat technique 
with a rotary speed at 4000 rpm. Nanofibers with a typical dimension of ~2 nm in height, ~100 nm 
in diameter, and several tenth m in length were entangled to each other (Figure 3-15b). The 1D 
molecular-assembly structure of organogel was constructed form the zwitterionic K
+•2- through the 
electrostatic cation–anion interaction along the growth direction of the nanofiber. The head-to-tail 
type alternate π-stacking structure of K+•2- should be the most stable 1D molecular-assembly 
structure from the viewpoint of decreasing electrostatic energy (Figure 3-15c). Because the lengths 
of the long and short axes of zwitterionic K
+•2- were 3.5 and 1.0 nm, respectively (Figure 3-15c), 
the bilayer structure along the short axis of K
+•2- corresponds to the height of nanofiber (~2 nm). 
Approximately 30-layer molecular assembly of zwitterionic K
+•2- was elongated along the long 
axis (3.5 nm  30 = 105 nm), consistent with the nanowire width of ~100 nm. The hydrophobic 
interactions at -CONHC12H25 chains connected the 1D π-stack of each head-to-tail pair along the 
width direction of the nanowire. 
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Figure 3-15. Formation of organogel and nanofibers of zwitterionic K
+•2-. a) Photographs of the 
stepwise organogelation processes in CH3CN by the addition of K
+
 or AcO
-
 under visible (left) and 
UV light at 365 nm (right). b) AFM image of the xerogel of zwitterionic K
+•2- (scale bar was 1.00 
µm). c) Molecular model of K
+•2-, where the lengths along the long and short axes were 
approximately 3.5 and 1.0 nm, respectively. Possible molecular-assembly structure of K
+•2- within 
the nanofiber. 
 
The molecular assembly of zwitterionic K
+•2- organogel showed the concentration-dependent 
blue shift of fluorescence maxima from 484 nm (black spectrum at 1.35  10-2 M) to 468 nm (red 
spectrum at 1.35  10-5 M) through the gel→sol transition (Figure 3-16a), which could be well 
explained by the dissociation of 1D electrostatic molecular assembly of (K
+•2-)∞. Figure 3-15b 
(b) (a) 
1 m 
(c) 
Electrostatic molecular assembly 
K
+•2- 
K+ 
K
+•2 
2
-
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shows the photographs of gel–sol transition of zwitterionic K+•2- in CH3CN by the exposure of 
TFA vapor within the vial. The acid vapor reacted at the anionic site. This changed the zwitterionic 
K
+•2- to cationic K+•2 and the organogelation ability was completely lost in the absence of 
electrostatic interaction within (K
+•2-)∞. The fluorescence maximum of zwitterionic K
+•2- at 484 
nm was approximately 25 nm red-shifted to 510 nm by the change in the molecular structure from 
zwitterionic K
+•2- to cationic K+•2. On the contrary, the exposure of sol state K+•2- to TEA vapor 
recovered the organogels, indicating the recovery of the fluorescence spectrum to the K
+•2- state 
(Figure 3-16b). Because the reversible gel–sol transition occurred in the acid–base reaction, the 
acid molecules easily diffused into the organogels. 
 
 
 
 
 
 
 
 
 
 
Figure 3-16. Fluorescence responses of sol–gel transitions in MeCN. a) Normalized fluorescence 
spectra of organogel (black spectrum at 1.35  10-2 M), diluted sol (red spectrum at 1.35  10-5 M), 
sol by the exposure of TFA vapor (blue spectrum at 1.35  10-2 M), and organogel by the exposure 
of TEA vapor to the sol (green spectrum at 1.35  10-2 M). b) Photographs of the organogel and sol 
under visible light (left) and UV light (right). Exposure of organogel to TFA vapor induced the gel
→sol transition, and the re-exposure of sol to TEA vapor induced the sol→gel transition. 
(b) 
(a) 
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3-4. Conclusions 
An [18]crown-6-fused hydrophobic Oxa derivative (2) was newly designed to control the 
successive cation (K
+
) – anion (F- and AcO-) recognitions and its molecular-assembly structures. In 
molecule 2, the lactam tautomer (N–H form) in the absence of ESIPT emission was stable in 
CH3CN with a high quantum yield of 46%. Introduction of an [18]crown-6 unit into the fluorescent 
Oxa molecule drastically increased the K
+
-binding ability to form positively charged K
+•2. This 
process was inert to the fluorescence response and confirmed by 
1
H NMR titration experiments. On 
the contrary, the anion recognition for highly basic F
-
 and AcO
-
 drastically changed both the 
absorption and fluorescence spectra to form an N–H•••F- (AcO-) hydrogen-bonding structure, 
followed by deprotonation to generate anionic 2
-
. Much higher anion (F
-
 and AcO
-
) and cation (K
+
) 
recognition abilities than neutral 2 were observed in cationic K
+•2 and anionic 2-, respectively, 
through the electrostatic cation–anion interaction of K+•2 • F- (or AcO-) and K+•2-. The 
[18]crown-6 unit with tightly captured K
+
 stabilized anionic 2
-
 to form the zwitterionic K
+•2- that 
formed an 1D molecular-assembly structure and its 3D entanglement assembly. Organogelation 
behavior of zwitterionic K
+•2- was observed in CH3CN, acetone, and THF, where the xerogels 
showed the entanglement of nanofibers with a typical dimension of 2 nm in height, 100 nm in 
width, and >1000 nm in length. Such fluorescent organogels were only observed in the zwitterionic 
K
+•2- state, where the replacement of K+ cation with Li+, Na+, NH4
+
, and Cs
+
 resulted in the loss of 
organogelation ability. Alternate head-to-tail-type π-stacking arrangement of zwitterionic K+•2- 
formed an electrostatically stabilized 1D assembly structures that further interdigitated to each 
other by the hydrophobic interactions of -CONHC12H25 chains along the nanofiber width direction. 
The exposure of zwitterionic K
+•2- organogels to TFA vapor caused the gel→sol transition, 
whereas the reversible sol→gel transition was observed by the exposure to TEA vapor. The 
reversible sol–gel transition could be activated by the acid–base reaction of zwitterionic K+•2- and 
the fluorescence behavior was also modified by the sol–gel transition. Chemical design of the 
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fluorescent Qxa derivative successfully enhanced both the cation and anion recognition abilities by 
introducing an additional K
+
-capturing molecular unit. New fluorescent probes bearing additional 
ion recognition sites have potential to form multifunctional molecular materials such as fluorescent 
dual cation–anion-sensing nanofibers. 
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4-1. Introduction 
Fluorescent chromic materials exhibit a drastic change in emission with external stimuli. Recently, 
they have attracted much attention for application in chemical sensors for biological and 
environmental monitoring.
1, 2
 In these chromic materials, the molecular structure and/or packing 
structure of the crystals are drastically modified in response to external stimuli, resulting in a 
change in the electronic structure and fluorescent properties. The thermochromic,
3, 4
 
mechanochromic,
5, 6
 vapochromic,
7, 8
 and photochromic 
9, 10
 responses are induced by temperature, 
mechanical force, molecular sorption, and light irradiation, respectively. Although fluorescence 
chromism in solution has been widely examined in metal-coordination compounds and 
supramolecular materials,
11-13
 solid-state fluorescent chromic materials have not been sufficiently 
developed for application in chemical sensors and molecular memory devices. 
Among the various types of emission mechanisms, excited state intramolecular proton transfer 
(ESIPT) is an interesting emission that arises from intramolecular proton-transferred structural 
isomers in the excited state. Thus, ESIPT has been observed in intramolecular hydrogen-bonded 
tautomeric molecules such as keto-enol and/or lactam-lactim isomers.
14
 One of the notable features 
of ESIPT fluorescence is a significant Stokes-shift over ~10,000 cm
-1
 with a drastic change in 
emission color owing to a large-magnitude structural relaxation from the excited state. For instance, 
2-(2’-hydroxyphenyl)benzothiazole (HBT) is a well-known solid-state ESIPT fluorescent molecule 
with intramolecular O-H•••N hydrogen bonds, which has an absorption maximum (λAmax) of around 
340 nm and an emission maximum (λFmax) of around 510 nm with a Stokes-shift of ~10,000 
cm
-1
.
15-17
 A large number of ESIPT fluorescent molecules with intramolecular hydrogen-bonded 
π-molecular systems have been developed. For instance, 
(Z)-4-(2-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one exhibits red ESIPT 
fluorescence at λFmax = 643 nm in the near-infrared region despite the simple π-conjugated 
molecular structure.
18
 ESIPT fluorescence in the near-infrared region, coupled to small-sized 
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π-conjugated molecules with uncomplicated chemical designs and organic syntheses, has 
applications in biological and environmental sensing. In addition, the ESIPT fluorescence 
wavelength is sensitive to the outer environment around an ESIPT molecule. ESIPT fluorescent 
molecules generally exhibit solvatochromism,
19
 where the cleavage of intramolecular hydrogen 
bonds quenches ESIPT fluorescence in highly polar solvents such as alcohol, DMF, and DMSO. 
On the contrary, ESIPT fluorescence is activated by the formation of effective intramolecular 
hydrogen bonds in aprotic, low-polarity solvents such as hexane, chloroform, and acetone. The 
ON/OFF switching of ESIPT fluorescence can be chemically controlled by modifying the polymer 
matrix.
20
 The dispersion of 6-cyano-2-(2’-hydroxyphenyl)imidazo[1,2-a]pyridine in highly polar 
polyethyleneglycol (PEG) thin films exhibited non-ESIPT fluorescence at λFmax = 400 nm with a 
small Stokes-shift because of the absence of intramolecular hydrogen bonds, whereas the 
intramolecular hydrogen bonds in polystyrene induced ESIPT fluorescence at λFmax = 600 nm with 
a large Stokes-shift. Such ON/OFF control induced by intramolecular hydrogen bonds in ESIPT 
molecules can cause drastic fluorescence changes from non-ESIPT to ESIPT emission based on the 
outer environment, which has been utilized for the new mechanism of sensor applications 
recently.
21, 22
 However, reversible ON/OFF switching control of solid-state ESIPT fluorescent 
materials by external stimuli such as temperature, pressure, electric field, and molecular sorption 
has not yet been reported. For application in sensing devices, the solid-state ON/OFF control of 
ESIPT fluorescence chromism should be an important feature when designing new fluorescent 
π-molecular devices. 
Herein, I report a new solid-state ESIPT fluorescent chromic molecule that responds to the 
adsorption-desorption of organic bases and amines. The well-known ESIPT fluorescent π-electronic 
molecule HBT was utilized for the simple design of new ESIPT fluorescent chromic molecules in 
which highly acidic sulfonic acid (–SO3H) was introduced into the HBT framework (3). The acidic 
–SO3H unit acts as the intermolecular hydrogen-bonding and proton-transfer site for the molecular 
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sensing of organic bases. The crystal structures, optical properties, and solid-state ESIPT 
fluorescence chromism were evaluated for pyridine (Py), aniline (Ani), quinoline (Quino), thiazole 
(Thz), ammonia (NH3), propylamine (PA), octylamine (OA), diethylamine (DEA), triethylamine 
(TEA), 1,4-diaminobutane (DAB), histamine (HA), and amino acids. Single crystal X-ray 
structural analysis before and after the molecular adsorption-desorption cycle supported the 
possible ON/OFF mechanism of these ESIPT fluorescent molecules in terms of the dynamic 
molecular conformational transformation between the intramolecular hydrogen-bonded 
cis-conformation and the non-hydrogen-bonded trans-conformation in the crystalline state (Scheme 
4-1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4-1.  Molecular structure of 3 and its conformational change via an adsorption-desorption 
cycle with organic bases and amines. 
Non-hydrogen-bonding 
 trans-3 (ESIPT OFF) 
Hydrogen-bonding 
cis-3 (ESIPT ON) 
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4-2. Experimental 
4-2-1. General. Commercially available chemical reagents and solvents were used without further 
purification. 
1
H (400 MHz) and 
13
C (100 MHz) NMR spectra were recorded on a Bruker Advance 
III 400 NMR spectrometer. Chemical shifts () are expressed in ppm relative to tetramethylsilane 
(
1
H, 0.00 ppm) or residual non-deuterated solvent (DMSO-d6; 
13
C 39.5 ppm) as an internal standard. 
Mass spectra were recorded on a JMS-700 spectrometer at the NMR and MS laboratory, Graduate 
School of Agriculture, Tohoku University. Elemental analyses were performed on a Microcoder 
JM10 at the Elementary Analysis Laboratory, Institute of Multidisciplinary Research for Advanced 
Materials, Tohoku University. The measurement of infrared (IR, 400-4000 cm
−1
) spectra was 
carried out on KBr pellets using a Thermo Fisher Scientific Nicolet 6700 spectrophotometer with a 
resolution of 4 cm
−1
. The measurement of UV-Vis spectra in DMSO and solid state was carried out 
in a quartz cell with an optical length of 10 mm or on KBr pellet, respectively, using Perkin Elmer 
Lambda 750A. The measurements of fluorescence and excitation spectra in DMSO or solid state 
was carried out in a quartz cell with an optical length of 10 mm or in the state of KBr pellets, 
respectively, using Shimadzu RF-6000. Thermogravimetric analyses were performed on a Rigaku 
Thermoplus EVO2 instrument at a scan rate of 10 K min
-1
 under a nitrogen atmosphere. 
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4-2-2. Preparation of 3. A mixture of 2-aminobenzenethiol (3.80 g, 30.3 mmol), 5-sulfosalicylic 
acid dehydrate (7.16 g, 28.2 mmol), triphenylphosphite (9.46 g, 30.5 mmol), and 
tetrabutylammonium bromide (9.77 g, 30.3 mmol) was stirred at 120 ℃ during 60 min.  After the 
mixture was allowed to room temperature, the resultant yellow precipitates were collected by the 
filtration and washed with a large amount of CH3OH.  The crude product was dissolved into a hot 
DMSO (40 mL), then cooled down to room temperature, and the addition of excess amount of 
acetone into the solution gave yellow color precipitates. The reprecipitation procedure was twice 
repeated to purify 3 (2.65 g, yield 30 %) as yellow colored powder.  m.p. > 300°C; 
1
H NMR (400 
MHz, DMSO-d
6
): δ 8.47 (d, J = 2.2 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 
7.62 (dd, J = 8.5, 2.2 Hz, 1H), 7.55 (td, J = 7.6, 1.3 Hz, 1H), 7.46 (td, J = 7.6, 1.3 Hz, 1H), 7.03 (d, 
J = 8.5 Hz, 1H), 2.54 (s, 1H), 2.09 (s, 1H); 
13
C NMR (100 MHz, DMSO-d
6): δ 164.6, 156.4, 151.3, 
140.0, 134.5, 129.3, 126.6, 126.0, 125.2, 122.2, 122.1, 117.3, 116.2; IR (KBr, cm
-1
): 3088, 3068, 
2619, 1603, 1587, 1536, 1497, 1447, 1426, 1393, 1306, 1277, 1257, 1236, 1147, 1130, 1115, 1034, 
1004; HR-MS(FAB): m/z calcd. for C13H10NO4S2 [M+H]
 +
: 308.0046, found 308.0051; Elemental 
analysis. calcd. (%) for C31H49O8N3: C 50.80, H 2.95, N 4.56; found: C 50.57, H 3.06, N 4.36.  
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Figure 4-1. 
1
H NMR (top) and 
13
C NMR (bottom) spectra of 3 in DMSO-d6 
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4-2-3. Growth of single crystals. Single crystals of 3 were obtained by the slow evaporation from 
acetone-H2O mixed solvent. Single crystals of 3•(Py) were obtained by the diffusion method of 
diethylether into Py solution of 3.  Single crystals of 3•(PA)2 were also grown by the diffusion 
method of diethylether into CH3OH solution of 3 with the excess amount of PA. Single crystals of 
1:1 stoichiometric 3•(Py) were obtained by the diffusion technique of diethylether into CH3OH 
solution of 3 in the existence of one molar equivalent of PA. 
 
4-2-4. Crystal structure determination. Temperature dependent crystallographic data (Table 4-1) 
were collected using a Rigaku RAPID-II diffractometer equipped with a rotating anode, fitted with 
a multilayer confocal optic, using Cu-K ( = 1.54187 Å) radiation from a graphite 
monochromator. Structural refinements were carried out using the full-matrix least-squares method 
on F
2
. Calculations were performed using Crystal Structure software packages.
23
 All parameters 
were refined using anisotropic temperature factors, except for those of the hydrogen atoms. 
 
Table 4-1.  Crystal data, data collection, and reduction parameter of crystal 3, 3•(Py), 3•(PA)2, 
and 3•(PA) 
Crystal 3 3•(Py) 3•(PA)2 3•(PA) 
T, K 298 298 298 298 
Chemical formula C13H8NO4S2 C18H14N2O4S2 C19H27N3O4S2 C16H18N2O4S2 
Formula weight 306.33 386.44 425.56 366.45 
Space group P-1 (#2) Pbca (#61) Pca21 (#29) P21/c (#14) 
a, Å 8.2539(2) 19.8144(4) 20.5535(4) 12.8487(2) 
b, Å 7.466(2) 18.9489(4) 8.80605(16) 18.3435(3) 
c, Å 10.1676(3) 9.14239(19) 24.0023(4) 7.24198(15) 
α, deg 79.2811(18) - - - 
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β, deg 74.2647(18) - - 90.2378(11) 
γ, deg 72.9340(19) - - - 
V, Å
3
 613.19(3) 1041.21(10) 4344.30(14) 1706.85(6) 
Z 2 8 8 4 
Dcalc, g∙cm
-1
 1.659 1.495 1.301 1.426 
μ, cm-1 40.779 30.599 24.678 30.353 
Refs. meas.  6705 35871 47029 19158 
Indep. refls. 2207 3132 7950 3124 
Refls. Used 2207 3132 7950 3124 
R
 a)
 0.0569 0.0438 0.0424 0.0377 
Rw(F
2
) 
a)
 0.1933 0.1008 0.22257 0.1328 
GOF 1.142 1.040 1.007 1.048 
a
R = ||Fo| - |Fc|| / |Fo| and Rw = (|Fo| - |Fc|)
2
 / Fo
2
)
1/2
. 
 
4-2-5. Calculations. Thermal stabilities of cis- and trans-conformation of 3
-
 in Figure 4-11 were 
evaluated by a total energy of each structure based on a DFT calculation with B3LYP 6-31G+(d) 
using Gaussian 09W. 
24 
 
4-2-6. Adsorption experiment of amines. Adsorption experiment of amines was carried out by 
diffusing vapor of amines to powder crystals 3, which was set separately from amines in sealed 
container at room temperature for 3 hours. In the case of Ani, Quino and OA, the adsorption 
experiment was carried out at 50 °C.  
 
4-2-7. Sensing NH3 vapor by thin film. A thin film of 3 was prepared by spin-coating the solution 
3 to glass substrate at 2000 rpm for 1 min. The solution 3 was prepared by dissolving 3 (4.0 mg) to 
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a mixed solvent of MeOH (4 mL ) and H2O (0.5 mL) by heating. The ammonia water was placed in 
a sealed container and left for 1 day to wait for gas-liquid equilibrium to be reached. Then the thin 
film was placed in the same container so as not to mix with ammonia water, and the thin film was 
exposed to ammonia vapor for 1 min at 22 °C to study the change in fluorescent color. The 
concentration of ammonia vapor was tuned by changing the concentration of ammonia water with 
reference to past literature.
3 
Approximate calculating from the reference data, the vapor pressure of 
ammonia and water depending on the concentration of ammonia water is expressed in Figure 4-2. 
Then, ammonia concentration [ppm] = ((vapor pressure of ammonia [kPa]) / (atmospheric pressure 
101.325 [kPa] + vapor pressure of ammonia [kPa] + vapor pressure of water [kPa])×1000000. 
 
 
 
 
 
 
 
 
Figure 4-2. The vapor pressure of ammonia and water depending on the concentration of ammonia 
water. 
 
4-2-8. Sensing solid amines by thin film. A thin film was prepared in same way as sensing NH3 
vapor. Solid amine (histamine or amino acid) was diluted with NaCl, then placed on a thin film 
heated to 70 ° C, and the change in luminescent color was examined. 
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4-3. Results and Discussion 
4-3-1. Molecular structure and optical properties of 3. Figure 4-3a shows the molecular 
conformation of 3 obtained from an X-ray structural analysis at T = 298 K. According to the 
residual electron density from the differential Fourier map, the protonated nitrogen atom was 
confirmed to form the benzothiazolium (HBTz
+
) cationic ring structure. The vibrational spectra 
also supported the formation of a protonated N-H
+
 bond by the appearance of the asymmetrical 
N-H stretching mode (νaNH) around 2,500 cm
-1
 (Figure 4-5). The highly acidic proton on the –SO3H 
group of 3 was transferred to the nitrogen site of the BTz-ring via intramolecular acid-base reaction 
and proton transfer, resulting in a zwitterionic structure that bears both the anionic –SO3
-
 moiety 
and the cationic HBTz
+
 ring. The formation of the HBTz
+
 ring is forbidden in the intramolecular 
O-H•••N hydrogen-bonded cis-conformation and does not result in ESIPT fluorescence. 
The solubility of molecule 3 in common organic solvents was quite low, but 3 was soluble in 
highly polar solvents such as DMSO and DMF. Figure 4-3b shows the absorption and fluorescence 
spectra of 3 in DMSO (blue spectra) and on KBr pellets (red spectra) at room temperature. The 
UV-vis spectrum of 3 in DMSO shows an λAmax = 333 nm, whereas the fluorescence spectrum 
indicates a main and a sub emission band at 382 and 460 nm, respectively, with blue emission and a 
quantum yield of 17.1% (Figures 4-3b and 4-3c). The excitation spectra of the two above 
mentioned fluorescence bands were confidently assigned to λAmax = 333 nm (Figure 4-6), 
suggesting emission from the same ground state molecular structure. The Stokes-shifts for these 
fluorescence bands at 382 and 460 nm were approximately 3,900 and 8,300 cm
-1
, respectively.  
Both the absorption and fluorescence spectra of HBT were similar to those of 3 in DMSO (Figure 
4-6), suggesting neutral non-hydrogen-bonded trans-conformation at λFmax = 382 nm and the 
zwitterionic one at λFmax = 460 nm in solution.
16
 The solid-state absorption spectrum of 3 showed a 
broad band around ~350 nm, and the absorption edge was red-shifted by approximately 70 nm 
from the absorption peak in solution phase. The solid-state emission spectrum of the zwitterionic 
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trans-conformation of 3 showed λFmax = 450 nm with weak blue fluorescence (Figure 4-3d). The 
excitation spectrum of crystal 3 revealed λFmax = 410 nm with a small Stokes-shift of ~2,200 cm
-1
, 
corresponding to the non-ESIPT fluorescence from the trans-conformation. The solid-state 
fluorescence was consistent with the zwitterionic conformation obtained from the single crystal 
X-ray structural analysis. 
 
Figure 4-3.  Molecular structure and optical spectra of 3. (a) Zwitterionic trans-conformation in 
crystal 3 (T = 298 K). (b) Absorption (solid line) and emission (dashed line) spectra in DMSO at a 
concentration of 3.20 × 10
-5
 M (blue spectra) and on KBr pellets (red spectra). The emission 
spectra were obtained at the excitation wavelength of 330 nm. Photographs of 3 (c) in DMSO and 
(d) in the solid state under the excitation wavelength of 365 nm. 
(c) (d) 
(b) (a) 
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Figure 4-4. Packing structure of crystal 3. a) N-H•••O hydrogen-bonding side-by-side dimer 
arrangement (dN1-O1 = 2.722 (5) Å). b) Packing structure viewed along the b axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-5.  IR spectra of HBT, 3, 3•(Py), 3•(PA)2, and 3•(PA) on KBr pellets. 
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Figure 4-6. Excitation spectra of 3 in DMSO at the concentration of 3.20×10
-5
 M and in solid state 
(green).  
 
4-3-2. Solid-state ESIPT fluorescence chromism with aromatic bases.  Interestingly, crystal 3 
showed a reversible adsorption-desorption behavior for the aromatic base Py. The crystals of 3 
were thermally stable up to 220 °C according to the TG analysis (Figure 4-9a). After exposure to 
Py vapor in a vial, the crystals indicated a weight loss of 20.5% at 200 °C (Figure 4-9a), 
corresponding to the desorption of one mole of Py from the Py-adsorbed crystals 3•(Py). A 
reversible Py adsorption-desorption cycle was observed, corresponding to a reversible 
transformation between 3 and 3•(Py). During the reversible Py sorption cycle, crystal 3 showed an 
interesting fluorescence chromism accompanied by a drastic change in emission colour and 
intensity (Figure 4-7). After Py adsorption, the solid-state fluorescence spectra of crystal 3 
indicated a large red shift of approximately 65 nm from λFmax = 450 nm for 3 to λ
F
max = 515 nm for 
3•(Py), where the fluorescence colour drastically changed from weak blue to strong green (Figure 
4-7b). After desorption of Py from the 3•(Py) crystals at 200 °C, the initial fluorescence spectra 
with λFmax = 450 nm and weak blue emission was recovered. The solid-state absorption spectra of 
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3•(Py) also indicated a 60-nm red-shift of the absorption edge from 300 nm of 3 to 400 nm of 
3•(Py) (Figure 4-8), suggesting the change in the electronic ground state structure. It should be 
noted that the large Stokes-shift over 10,000 cm
-1
 after Py adsorption was consistent with the strong 
ESIPT green fluorescence. The reversible Py adsorption-desorption cycle of crystal 3 realized 
ON/OFF fluorescence switching for ESIPT emission.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-7.  Py adsorption-desorption cycle and ESIPT fluorescence chromism of crystal 3. (a) 
Solid-state emission spectra of 3 before and after Py adsorption (green) and desorption (blue). 3’ 
represented the desorption powder of Py absorption one of 3•(Py). (b) Photographs showing 
  
 
3 
3•(Py) 
3’ 
a) 
b) 
3•(Py) 3 3’y) 
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emission colour change in solid-state 3 for the Py adsorption-desorption cycle under UV irradiation 
at 365 nm. 
 
 
 
 
 
 
 
 
 
Figure 4-8.   Solid state UV-vis absorption spectra of 3, 3•(Py), 3•(PA)2, 3•(PA) on KBr pellets. 
 
The adsorption of aromatic bases such as Ani, Quino, and Thz also showed similar ESIPT 
fluorescence chromism. The formation of adsorption crystals with 1:1 formula was confirmed by 
the TG analyses of crystal 3 after exposure to Ani, Quino, and Thz vapours, which showed a weight 
loss of 23.4, 21.1, and 27.4%, respectively (Figure 4-9a). The 3•(Ani), 3•(Quino), and 3•(Thz) 
crystals exhibited strong green ESIPT fluorescence at λFmax = 498, 533, and 510 nm, respectively 
(Figures 4-9b and 4-9c). Such drastic ESIPT fluorescence chromism of crystal 3 was not observed 
with organic acids or neutral molecules. 
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Figure 4-9.  Adsorption and fluorescent chromism for various kinds of aromatic organic bases 
such as Py, Ani, Thz, and Quino.  a) TG diagrams of 3 after the exposure to aromatic base vapor. 
b) Solid state emission spectra of 3 after the adsorption of aromatic bases.  c) Photograph of the 
emission color change of 3 by the adsorption of aromatic bases under the irradiation of a UV lamp 
at 365 nm. 
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To gain insight into the molecular structure after Py adsorption into crystal 3, single crystal 
X-ray structural analysis was performed on 3•(Py) at 298 K (Figure 4-10). Although a zwitterionic 
molecular structure was observed for crystal 3, the molecular structure of the 3•(Py) crystal showed 
the anionic moiety 3
-
 bearing the −SO3
-
 group. Furthermore, neutral Py was also converted to the 
pyridinium (HPy
+
) cation after adsorption, where the proton transfer occurred at the nitrogen site of 
Py (Figure 4-10a), forming the electrostatic intermolecular hydrogen-bonded N-H
+•••-O3S− pair 
with a bond-length of dN1-O1 = 3.053 (2) Å and a 3
-•(HPy+) formula. The vibrational IR spectra of 
3
-•(HPy+) also supported the formation of the HPy+ cation with a peak at νaNH ~ 2,600 cm
-1
 (Figure 
4-5). On the contrary, strong intramolecular O-H•••N hydrogen bonds (dN1-O1 = 2.610(2) Å) were 
observed between the –OH group and the nitrogen site of the BTz ring in the ESIPT emissive 
cis-conformation (Figure 4-10a), which was different from the trans-conformation of the 
zwitterionic structure in 3. The cis-conformation of anionic 3
-
 was approximately 45 kJ mol
-1
 stable 
than that of the trans-one based on the theoretical DFT calculations, which was consistent with the 
results of X-ray crystal structural analysis (Figure 4-11). Thus, Py adsorption drastically changed 
the molecular structure from the trans- to the cis-conformation, resulting in the ON/OFF 
fluorescence switching between weak blue non-ESIPT and strong green ESIPT emission. 
The crystal-to-crystal structural transformation 3 + Py ⇆ 3-•(HPy+) via Py adsorption and 
desorption was confirmed by the PXRD patterns (Figure 4-10c). The PXRD pattern of crystal 3 
was good agreement with the simulated pattern of the single crystal X-ray structure of 3 (i and ii in 
Figure 4-10c). The Py adsorption in crystal 3 drastically changed the PXRD pattern (iii in Figure 
4-10c), which was also consistent with the simulated pattern of the single crystal 3
-•(HPy+) (iv in 
Figure 4-10c). The Py desorption from 3
-•(HPy+) at 200 °C recovered the PXRD pattern of the 
original crystal 3 (v in Figure 4-10c). The molecular structure of 3 oscillated between the highly 
crystalline intramolecular hydrogen-bonded cis-conformation and the zwitterionic 
trans-conformation with Py adsorption and desorption, respectively. 
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Figure 4-10.  Reversible structural transformation of crystal 3 for the Py adsorption-desorption 
cycle at 298 K. (a) Intramolecular O-H•••N hydrogen-bonded cis-conformation of 3- and the 
electrostatic hydrogen-bonded N-H
+•••-O3S− pair in the (3
-)•(HPy+) crystal. (b) Unit cell viewed 
along the b axis (HPy
+
 cations were omitted). (c) PXRD patterns of 3 for the Py 
adsorption-desorption cycle: (i) Simulated PXRD pattern of 3 based on single crystal X-ray 
structural analysis, (ii) PXRD pattern of powder 3, (iii) Simulated PXRD pattern of 3
-•(HPy+) 
based on single crystal X-ray structural analysis, (iv) PXRD pattern of 3
-•(HPy+), and (v) PXRD 
pattern of 3 after Py desorption. 
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Figure 4-11. Optimized molecular structures of cis- and trans-conformation for 3
-
 based on 
theoretical DFT calculations with B3LYP/6-31G+ (d). 
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4-3-3. ESIPT fluorescence chromism with alkylamines.  A different type of reversible 
adsorption-desorption cycle was observed for alkylamines in crystal 3. The adsorption of 
propylamine (PA) into crystal 3 at 298 K increased the crystal weight by about 26.5%, 
corresponding to the adsorption of two moles of PA per one mole of 3 to form 3•(PA)2 crystals. The 
TG plot of 3•(PA)2 after PA desorption exhibited a weight loss of 14.2% around 100 °C, 
corresponding to the desorption of one mole of PA to form 1:1 of 3•(PA) crystals. The 
transformation from 3•(PA)2 to 3•(PA) was observed after thermal treatment at 100 °C (Figure 
4-16a), and, the 3•(PA) crystals showed decomposition around 250 °C upon further heating. 
Therefore, crystal 3 underwent irreversible PA adsorption from 3 to 3•(PA)2, then reversible PA 
adsorption-desorption cycles between 3•(PA)2 and 3•(PA).  
The stepwise PA adsorption-desorption cycles of crystal 3 revealed an interesting ESIPT 
fluorescence chromism. Adsorption of two moles of PA into crystal 3 caused a ~30 nm blue-shift of 
λFmax from 450 to 422 nm, whereas desorption of one mole of PA from 3•(PA)2 showed a 
remarkable red-shift of ~100 nm, from λFmax = 422 nm for 3•(PA)2 to λ
F
max = 520 nm for 3•(PA) 
(Figure 4-12a). In the PA sorption cycle, the fluorescence colour drastically changed from weak 
blue for 3, to strong blue for 3•(PA)2, and to strong green for 3•(PA) (Figure 4-12b). In addition, the 
solid-state absorption spectra for the PA sorption cycle showed a drastic change. The absorption 
edge of 3 around 400 nm was blue-shifted to 363 nm of 3•(PA)2 and to 340 nm of 3•(PA) (Figure 
4-8). The Stokes-shifts for 3, 3•(PA), and 3•(PA)2 were approximately 2,200, 10,000, and 3,900 
cm
-1
, respectively, suggesting a different fluorescence mechanism for each: non-ESIPT for 3•(PA)2 
and ESIPT for 3•(PA). The stepwise PA adsorption-desorption cycle of crystal 3 is thus coupled 
with ESIPT fluorescence chromism. 
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Figure 4-12.  Stepwise PA adsorption-desorption cycle coupled with ESIPT fluorescence 
chromism in crystal 3. (a) Change in the solid state emission spectra of 3 with the PA 
adsorption-desorption cycle. (b) Photographs of the emission colour change from 3, to 3
2-•(HPA+)2, 
to 3
-•(HPA+) under irradiation of 365 nm with a UV lamp and molecular conformation for each 
state. 
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To obtain structural information during the stepwise PA adsorption-desorption cycle, single 
crystal X-ray structural analyses were performed on 3•(PA)2 and 3•(PA). Figures 4-13a and 4-13b 
show the molecular structures of 3
-
 in the 3
-•(HPA+) and 32-•(HPA+)2 crystals. Interestingly, two 
acidic protons at the –SO3H and –OH groups of 3•(PA)2 were deprotonated to form the dianionic 
structure 3
2-
 with –SO3
-
 and –O- groups, which was crystallized with two moles of 
propylammonium (HPA
+
). The trans-conformation of the dianionic 3
2-
 moiety in the 3
2-•(HPA+)2 
crystal was consistent with the weak blue non-ESIPT fluorescence with small Stokes-shift of 3,900 
cm
-1
. On the contrary, the 3•(PA) crystals contained monoanionic 3- bearing one –SO3
-
 group and 
one HPA
+
 cation, and the intramolecular O-H•••N hydrogen-bonded cis-conformation was 
consistent with the strong green ESIPT fluorescence of the 3
-•(HPA+) crystals.  
The stepwise crystal-to-crystal transformation 3 → 32-•(HPA+)2 ⇆  3
-•(HPA+) occurred in high 
crystallinity before and after the PA adsorption-desorption cycles (Figure 4-13c). After PA 
adsorption into crystal 3, the PXRD pattern of 3
2-•(HPA+)2 (iii in Figure 4-13c) showed drastic 
changes compared to that of 3 (i in Figure 4-13c), which was fully consistent with the simulated 
pattern of a single crystal of 3
2-•(HPA+)2 (ii in Figure 4-13c). After the desorption of one mole of 
PA from 3
2-•(HPA+)2 at 100 °C, the PXRD pattern of the obtained crystal (v in Figure 4-13c) was 
consistent with the simulated pattern of a single crystal of 3
-•(HPA+) (iv in Figure 4-13c). The 
zwitterionic trans-conformation of crystal 3 was transformed into the dianionic trans-conformation 
of 3
2-
 and/or into the monoanionic intramolecular hydrogen-bonded cis-conformation of 3
-
 during 
the PA adsorption-desorption cycle. 
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Figure 4-13.  Crystal structure of 3
2-•(HPA+)2 and 3
-•(HPA+). (a) Dianionic structure of 32- 
bearing both a –SO3
-
 and an –O- group in 32-•(HPA+)2 crystals. (b) Monoanionic structure of 3
-
 
bearing a –SO3
-
 group in 3
-•(HPA+) crystals. (c) PXRD patterns of crystal 3 during the PA 
adsorption-desorption cycles. (i) PXRD pattern of powder 3. (ii) Simulated PXRD pattern of a 
single crystal of 3
2-•(HPA+)2, (iii) PXRD pattern of powder 3 after PA adsorption, (iv) Simulated 
PXRD pattern of a single crystal of 3
-•(HPA+), and (v) PXRD pattern of powder 3-•(HPA+) after PA 
desorption from 3
2-•(HPA+)2. 
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Figure 4-14. Crystal structure of single crystal 3•(PA)2. a) Packing structure viewed along the b 
axis. b) Intermolecular hydrogen-bonding network. 
 
 
 
 
 
 
 
 
 
 
Figure 4-15. Crystal structure of single crystal 3•(PA) . a) Packing structure viewed along the c axis. 
b) Intermolecular hydrogen-bonding network. 
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The adsorption-desorption cycle of various types of amines on crystal 3 also exhibited ESIPT 
fluorescence chromism (Figure 4-16). The molecular adsorption of OA, DEA, and TEA on crystal 
3 was evaluated by TG analysis (Figure 4-16a). The OA and DEA molecules showed full 
adsorption-desorption cycles on crystal 3, with crystal weight enhancements of 44.5 and 31.5% 
corresponding to the formation of 3
2-•(HOA+)2 and 3
2-•(HDEA+)2, respectively. On the contrary, 
only 30% weight enhancement was observed in 3•(TEA)0.3 crystals following TEA re-adsorption, 
and strong green ESIPT fluorescence only occurred at the crystal surface. The bulky TEA molecule 
was insufficiently adsorbed on crystal 3. The TG analysis of 3
2-•(HOA+)2 and 3
2-•(HDEA+)2 
crystals indicated weight losses of 19.6 and 23.3%, respectively, which were consistent with the 
desorption of one mole of amine to form 3
-•(HOA+) and 3-•(HDEA+). Further heating of these 
crystals caused decomposition, similar to the PA adsorption-desorption cycle, and these OA and 
DEA adsorption-desorption cycles exhibited ESIPT fluorescence chromism. The 3
2-•(HOA+)2 and 
3
2-•(HDEA+)2 crystals showed strong blue fluorescence at λ
F
max = 432 and 442 nm, respectively, 
which were 10 and 20 nm blue-shifted from that of crystal 3. After desorption of one mole of OA 
and DEA from the corresponding 1:2 crystals, strong green ESIPT fluorescence appeared at λFmax = 
520 nm for both 3
-•(HOA+) and 3-•(HDEA+) crystals. 
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Figure 4-16. Adsorption and fluorescent chromism for various kinds of alkylamine derivatives 
such as PA, OA, DEA, TEA, and DAB.  a) TG diagrams of crystals 3 after the adsorption of 
alkylamines. b) Solid state emission spectra of crystals 3 after the adsorption of corresponding 
alkylamines.  c) Photographs of the emission color change of crystals 3 by the alkylamines 
adsorption under an irradiation of UV lamp at 365 nm. 
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4-4-4. Application in molecular sensing devices.  The switching ESIPT fluorescence chromism 
of crystal 3 can be applied in molecular sensing devices for biologically important amines such as 
NH3, HA, and DAB. Cast films of crystalline 3 were fabricated onto a glass substrate and were 
exposed to NH3 vapour. Figures 4-17a and 4-17b show the concentration (c)-dependent fluorescent 
NH3 sensing. Highly concentrated NH3 vapour (81,000 < c < 380,000 ppm) drastically changed the 
non-fluorescent state to strong blue emission at λFmax = 450 nm due to the formation of 3
-2•(NH4
+
)2 
upon proton transfer from 3 to NH3 with the corresponding conformational change. However, at 
low concentrations of NH3 (c < ~24,000 ppm) a strong green ESIPT fluorescence appeared at λ
F
max 
= 515 nm owing to the formation of monoanionic 3
-•(NH4
+
). The fluorescent NH3 sensing of 
solid-state 3 at the detection limit, c~10 ppm, exhibited a multicolour, highly sensitive, and large 
dynamic range owing to the ESIPT chromic behaviour. In addition, there is an ability to reserve 
neutral NH3 into molecule 3 in the solid state.  
The high sensing ability of crystal 3 can be extended to other biologically important amines such 
as DAB and HA, which are well known for their putrid odour and biological activity.
26, 27
 
Unfortunately, amino acids were inert towards switching ESIPT chromism because of their 
zwitterionic molecular structures (Figure 4-17d). When the NaCl powder containing diluted HA 
was put on cast films of 3, a drastic fluorescent response was observed on the contact surface area 
from blue emission at c ~1,000 ppm to strong ESIPT green fluorescence at c ~10 ppm (Figure 
4-16c, right). The DAB molecule also shows strong blue fluorescence with vapour diffusion, 
detected as a fluorescent colour change from the non-ESIPT weak blue emission at c ~1,000 ppm 
to the non-ESIPT strong blue emission at c ~10 ppm. A large number of primary and secondary 
amines can potentially be detected by ESIPT chromism in solid state sensing devices even at low 
concentrations; thus, solid state sensing devices can be applied to biological and environmental 
systems. The stepwise ESIPT chromism from the 3, 3
-
, to 3
2-
 states revealed multicolour 
fluorescent responses for the target amines. 
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Figure 4-17.  NH3 and HA sensing using ESIPT chromism. (a) Schematic illustration of the NH3 
sensing procedure and photographs of thin films of 3 with different c of NH3 at the excitation 
wavelength of 340 nm. c = 380,000, 150,000, 81,000, 24,000, 2,300, 230, 70, 20, 10, and 0 ppm. 
(b) Fluorescence spectra of thin films of 3 after NH3 sensing at the excitation wavelength of 340 
nm. (c) Schematic illustration of solid-state sensing of HA dispersed into NaCl powder on thin 
films of 3. Photograph of thin films of 3 for HA dispersed into NaCl powder: c = 1,000 (left), 100, 
to 10 ppm (right). (d) Sensing DAB and amino acid by thin film. A: DAB vapor. B: Glycine. C: 
Aspartic acid. D: Lysine. E: Histidine. F: Arginine. 
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4-4. Conclusions 
Sulfonic acid was introduced into the fluorescent HBT derivative 3 and formed a cis-conformation 
zwitterion through an intramolecular acid-base reaction, which exhibited weak blue non-ESIPT 
fluorescence. Crystal 3 showed reversible adsorption-desorption cycles while maintaining the high 
crystallinity of the structure for organic bases such as Py, Ani, Thz, and Quino, which drastically 
changed the emission colour from weak blue to strong ESIPT green emission. In addition, crystal 3 
underwent adsorption-desorption cycles for various types of amines (AA) such as NH3, PA, OA, 
DEA, and DAB. The irreversible adsorption of 3 → 3•(AA)2 and the reversible adsorption of 
3•(AA)2 ⇆  3•(AA) were observed as ESIPT fluorescence chromism. The fluorescent colours 
successively changed from the initial weak blue of 3, to the strong blue of 3•(AA)2, and finally to 
the strong ESIPT green of 3•(AA). The ESIPT fluorescence chromism was achieved by the 
structural transformation between the cis- and trans-conformations accompanied by a dynamic 
crystal lattice deformation during the molecular adsorption-desorption cycles and was applied in a 
solid state sensing device for biologically important amines such as NH3, DAB, and HA.  High 
sensitivity and concentration dependent detection for biological indicators is progressed in organic 
bases and acids based on the solid state ESIPT fluorescence switching device. 
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In the thesis, new fluorescent chromic molecules have been developed in the ESIPT fluorescence 
mechanism. The ESIPT fluorescent molecules have a potential to show the emission of both the 
non-ESIPT type with a small Stokes shift and the ESIPT type with a large Stokes shift, depending 
on the difference in the molecular conformation and hydrogen-bonding structures. Such large 
difference in the fluorescent response can be used for the fluorescent chromic material for chemical 
sensing devices. From these points of view, I designed three kinds of ESIPT fluorescent chromic 
molecules of 1, 2, and 3, which ON/OFF switching phenomena of the ESIPT fluorescence both in 
solution and solid phases and the application for molecular fluorescent sensor are precisely 
examined. The conclusions for each section will be summarized below. 
Section 2: A quinoxalinone derivative 1 capable of lactam–lactim tautomerisation was designed as 
a new fluorescence probe for sensing of cation (M
+
 = Li
+
 and Na
+
) and anion (X
−
 = F
−
, Cl
−
, Br
−
, 
and CH3COO
−
) in organic solvents. In THF, the minor lactam tautomer exhibited a weak 
fluorescence band at 425 nm with a typical Stokes shift of ~4,400 cm
−1
, whereas the major lactim 
tautomer exhibited an intense fluorescence band at 520 nm with large Stokes shift of ~8,900 cm
−1
 
due to excited-state intramolecular proton transfer (ESIPT). The presence of either cations or 
anions was found to promote lactim-to-lactam conversion, resulting in the lowering of the ESIPT 
fluorescence. The lone pairs on the alkylamide oxygen and the quinoxalinone ring nitrogen of the 
lactam were found to bind Li
+
 to form a 1:2 coordination complex, which was confirmed by single 
crystal X-ray structural analysis and fluorescent titrations. In addition, the N–H bond of the lactam 
was able to recognize anions via N–H•••X hydrogen bonding interactions. Where X = F− or 
CH3COO
−
, further addition of these anions caused deprotonation of the lactam to generate an 
anionic state, consistent with the crystal structure of the anion prepared by mixing 
tetrabutylammonium fluoride and the quinoxalinone derivative in THF. Dual cation–anion sensing 
responses were found to depend on the ion-recognition procedure. The anionic quinoxalinone 
derivative and its Li
+
 complex, which are formed by the addition of CH3COO
−
 and Li
+
, respectively, 
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displayed different fluorescence enhancement behavior due to the two anions exchanging with each 
other. 
Section 3: An [18]crown-6 unit was introduced into a cation–anion dual-ion-sensing quinoxalinone 
derivative (2) as a new fluorescent molecule for successive cation (K
+
) and anion (F
−
 and 
CH3COO
−
) sensing in CH3CN. High anion-sensing abilities for F
−
 and AcO
−
 were observed at the 
hydrogen-bonded acidic N–H proton of the positively charged K+-capturing 2 at the [18]crown-6 
site due to electrostatic cation–anion interactions. On the other hand, the acidic N–H proton of 
lactam tautomer 2 strongly recognized basic AcO
−
 or F
−
 anions via N–H•••AcO− or F− 
hydrogen-bonding interactions, and further AcO
−
 or F
−
 additions facilitated the deprotonation 
reaction, forming anionic 2
−
. Anionic 2
−
 showed a much higher K
+
-sensing ability at the 
[18]crown-6 site than neutral 2 through effective cation–anion electrostatic interactions. 
Interestingly, the electrostatically stabilized zwitterionic K
+•2− formed fluorescent organogels in 
CH3CN, acetone, and THF; the organogels underwent reversible transformation between a blue 
fluorescent organogel and green fluorescent sol by the addition of trifluoroacetic acid (gel → sol) 
and trimethylamine (sol → gel). Both K+ and AcO− (or F−) ions acted as the key ions in the 
fluorescent organogel formation.   
Section 4: Sulfonic acid (-SO3H) substituted 2-(2’-hydroxyphenyl)benzothiazole (3) was designed 
as a new solid-state ESIPT fluorescent chromic molecule that responds to various types of organic 
bases and amines as a sensing device of biological important molecules such as ammonia and 
histamine. Crystal 3 exhibited a reversible adsorption-desorption behavior with pyridine, aniline, 
thiazole, quinoline, ammonia, propylamine, octylamine, diethylamine, 1,4-diaminobutane, 
histamine, and so on. The sorption behavior of these compounds induced the fluorescence 
chromism of crystal 3 from non-ESIPT weak blue, to ESIPT strong green, and finally to non-ESIPT 
strong blue emissions, which was derived from dynamic molecular conformational change of 3 
between intramolecular hydrogen-bonding cis-conformation and non-intramolecular 
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hydrogen-bonding trans-one in crystal. This phenomena was applied for the solid state sensing 
devices for biologically important organic bases and amines. Thin film of 3 showed stepwise 
fluorescent color change from green to blue as the concentration of NH3 increased. Thin film of 3 
exhibited high sensitivity and concentration depending color change for amines, which is highly 
useful for amine detecting fluorescent devices. 
From these series studies, I examined the switching mechanism and sensing responses of the 
ESIPT fluorescent chromic molecules, where the molecular conformations for the ESIPT ON/OFF 
responses both in solution and solid states were evaluated in three different types of ESIPT 
chromophores of molecules 1, 2, and 3. From these studies, the ESIPT fluorescent behavior should 
be one of the useful fluorescent mechanism for designing a high ON/OF ratio in solution and even 
solid phases. In my study, the switching of fluorescent properties of the ESIPT chromic molecules 
was derived from molecular conformational change between the intramolecular hydrogen-bonding 
structure emitting ESIPT fluorescence and the non-intramolecular hydrogen-bonding one emitting 
non-ESIPT fluorescence. In addition, since the molecular framework of intramolecular 
hydrogen-bonding ESIPT molecule is usually quite simple such as HBT, it is quite easy to design 
and synthesize the new ESIPT fluorescent chromic molecules. In my doctoral thesis, I focused on 
the only two kinds of the ESIPT active molecular frameworks of quinoxalinone and HBT.  On the 
contrary, a large number of ESIPT active molecules with various fluorescent energy have been 
reported in previous beside the present two systems, where various types of stimuli-responsible 
structural unit can be introduced into simple ESIPT molecular structure. Therefore, the flexibly 
design of the fluorescent chromic behaviors is possible in the emission wavelength and also outer 
stimuli responsibility. Development of new fluorescent chromic materials based on ESIPT 
fluorescence has further potentials to realize new fluorescent sensing devices and/or computing 
devices in the future. 
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